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The energy crisis and the air pollution produced by burning fossil fuels have attracted worldwide 
attentions for decades.1-9 The CO2 emission produced by burning gas, coal and oil have great impacts 
on the Green House Effect.10 It has already been reported by New York Times that the climate change 
caused by Green House Effect already caused starving on the polar bears because the seeking of food 
is so difficult when icebergs are melted. The climate change will not only cause starving on polar bears 
but also on human because the climate change will also have bad influence on the food supply and 
agriculture.11 By using hydrogen as the energy source, significant improvement could happen in the 
low-carbon future.12-14 Electricity generated by hydrogen would lead to nearly zero-carbon-emission 
energy storage and transportation.14, 15 A new energy system with reduced fossil fuel dependence would 
be established,16 with the versatility to operate across the transport,17 heat,18, 19 industry20 and electricity 
divisions.21, 22 Together, these account for two-thirds of global CO2 emissions.23 
The dot-in-rod CdSe/CdS nanorods, one of quantum confined semiconductor nanocrystals, has been 
proven to be suitable photosensitizers for photo driven hydrogen generation reaction (HER) due to their 
high extinction coefficient at visible light range, especially at blue light range.24 These structures have 
attracted attentions from researchers all over the world, including myself. So, in this thesis, a study on 
their structures, surface ligands, and interactions with redox-active molecules (or polymers) will be 
presented.  
1.2 A brief introduction to quantum confined semiconductor nanocrystals 
The main research object of this thesis, the dot-in-rod CdSe/CdS nanorods (NRs), is one of the various 
quantum confined semiconductor nanocrystals. Quantum confined semiconductor nanocrystals are a 
group of semiconductor nanocrystals of which the electronic structure is modulated by their physical 
morphology and dimension. To be more precise, at least one of the dimensions locates in the range of 
1 – 100 nm. The quantum confined semiconductor nanocrystals attracted attention all over the world in 
the past decades due to their unique physical and optical properties like quantum confined effect, 
tunable photoluminescence, and nonlinear optical properties.25-27 
The quantum confined semiconductor nanocrystals can be classified by their morphology of the 
nanocrystals. The whole family includes the zero-dimensional (0D) spherical nanostructures, which are 
also called quantum dots and quantum confined in 3 dimensions, one dimensional (1D) elongated 
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nanostructures also known as NRs and nanowires which are quantum confined in 2 dimensions (2D), 
two-dimensional plate-like nanostructures typically referring to nanosheets or nanoplates, and three-
dimensional (3D) nanostructures like tetrapods, nanoflowers, and many others.28 
The quantum confinement effect is observed in semiconductor nanocrystals when the size of the particle 
is comparable to the wavelength of an electron. The confinement of an exciton in nanocrystals strongly 
depends on the material dimension, namely the Bohr radius rBohr. The effective bandgap energy of 
quantum confined nanocrystals increases with the decrease of the size of the structures.29 
The surface effect is another crucial property of quantum confined semiconductor nanocrystal. The 
surface of a crystallized material is always imperfect. Therefore, surface defects are generated at the 
defective lattice position.30 Compared with a bulky semiconductor material, of which the exciton is 
mostly localized far away from the material surface, the exciton in quantum confined semiconductor 
nanocrystals is much easier to be influenced by the surface defects of the nanocrystals. Also, as the size 
of a quantum confined semiconductor nanocrystal is getting smaller, the surface-to-volume ratio is 
increasing. Taking CdSe quantum dots as an example, the ratio between surface atoms and total atoms 
dramatically increases as the size of CdSe quantum dots decreases.31 Both of these facts indicate that 
the surface effect in a quantum confined semiconductor nanocrystals is much more pronounced than 
that in a bulk material. The surface state (electronic quantum states associated with the surface) will 
significantly influence the optical properties of the nanocrystals, namely optical absorption, 
photoluminescent (PL) and photoluminescent quantum yield (PLQY), and degrading due to aging.32 So, 
surface passivation is introduced to improve the surface defects of the quantum confined semiconductor 
nanocrystals while facilitating the solubility of the nanocrystals. 
By adjusting the semiconducting materials and the morphology and dimension of the structure, the 
spectral active region could be tuned, ranging from ultraviolet (UV) to visible (Vis) spectra region due 
to the changing of the effective bandgap energy. For the research object of this thesis, namely CdSe/CdS 
dot-in-rod NRs, by adjusting the size of the CdSe core (dot) and the CdS rod in the NRs would lead to 
the quasi Type II band alignment. Upon excitation, the electron features mobility on the conduction 
band (CB) shared by the CdS shell and CdSe core, and the hole localizes at the CdSe core.33 
Combining all these properties mentioned above, quantum confined semiconductor nanocrystals are 
already widely used in the application of light-emitting diodes,34-37 sensors,38-40 biological 
compatibility,41-45 and photocatalysts.46-48 
1.3 The quantum confinement effects and bandgap 
Materials can be built larger and larger, starting from atoms with discrete orbitals to molecules, then to 
small clusters (made up with several atom but still with discrete orbitals), and end up with the bulk limit 
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(see Figure 1.1). At a bulky level, the electronic structure of the material is pictured by energy bands 
with the related density of states. The bandgap is introduced here to describe the energy difference 
between the highest occupied band, namely the valence band (VB), and the lowest unoccupied band 
called the conduction band (CB). Generally, the quantum confinement effects refer to the unique 
properties in nanocrystals that the bandgap enlarges when the size of the nanocrystals decreases. As 
also shown in Figure 1.1, the effective bandgap of a larger quantum confined nanocrystals in size is 
smaller compared to the one with a smaller size.49 
 
Figure 1.1. The electronic structure changes of semiconductor material from its atoms to its bulk material, 
together with its quantum confined nanocrystals. 
With the bandgap energy excited, an electron and a hole can stay at a relatively far distance with nearly 
negligible Coulombic attraction. When the distance between carriers gets smaller, the electron and the 
hole may bound together and form an exciton, also known as an electron-hole pair. The distance 
between an exciton is called the exciton Bohr radius 𝑟𝐵𝑜ℎ𝑟. If 𝑚𝑒 and 𝑚ℎ refer to the effective masses 










)                                                         (1.1) 
where ℎ is the Planck’s constant, 𝜀 is the dielectric constant of the material, and 𝑒 is the charge of an 
electron. If the radius of semiconductor nanocrystals is approaching the 𝑟𝐵𝑜ℎ𝑟, the movement of the 
exciton is spatially confined in the dimension of the semiconductor nanocrystals. As a result, the 
excitonic transition energy becomes higher, and this is the explanation for the experimental blue shift 
observed in the absorption and photoluminescence spectra of quantum confined semiconductor 
nanocrystals. This effect is much more pronounced when the dimension of the material is very small, 
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i.e., the radius of a quantum dot in the nanometer scale.51 The effective mass approximation (EMA) 
model is introduced here to explain the motion of excitons. 
This EMA method is by far the most widely used model to explain the quantum confinement effect in 
nanocrystals, which is originated from the “Particle-in-Box Model” in quantum mechanics. In 1982, 
Efros and Efros first proposed this idea,52 and later Brus gave the theoretical calculation in 1984 and 
1986.53, 54 In this model, the 0D quantum dot is considered as a particle in a potential well with an 
infinite potential barrier at the surface of the quantum dot. The particle is free to occupy any position in 
the box, and the equation used to describe the relationship between its energy (𝐸𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡) and the 










)                                                         (1.2) 
Where ℎ is the Planck’s constant, 𝑚𝑒 and 𝑚ℎ refer to the effective masses of the electron and the hole. 
To simplify the calculation of the energy of the first excited electronic state (𝐸) in a quantum confined 
quantum dot, this energy is separated by the different contribution sources. According to the EMA 
model, there are three primary energy sources: 1. the energy of bandgap generated by the energy 
difference between the CB and VB of the bulk material (𝐸𝑏𝑎𝑛𝑑𝑔𝑎𝑝), 2. the energy of the quantum 
confinement effect ( 𝐸𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 ) which is already introduced above, and 3. the energy of the 
Coulombic attraction inside the exciton (𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏). Then the energy of the first excited electronic state 
(E) can be summed by Equation 1.3, and the energy shift of the bandgap (∆𝐸) can be expressed by 
Equation 1.4: 
𝐸 = 𝐸𝑏𝑎𝑛𝑑𝑔𝑎𝑝 + 𝐸𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 + 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏                                               (1.3) 
∆𝐸 = 𝐸 − 𝐸𝑏𝑎𝑛𝑑𝑔𝑎𝑝 = 𝐸𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 + 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏                                         (1.4) 













)                                                (1.5) 
Where ℎ is the Plank constant, 𝑅 is the radius of the quantum dot, 𝑚𝑒 and 𝑚ℎ refer to the effective 
masses of the electron and the hole, 𝜀 is the dielectric constant of the material, and 𝑒 is the charge of an 
electron. Compared to the result of the Coulombic attraction, the quantum confinement effect is in 
domination. So, the energy shift of the bandgap ∆𝐸 increases as the quantum dot radius (𝑅) decreases. 
For the same semiconductor material, by tuning the size of the quantum dots, varying bandgap energy 
could be obtained. Additionally, the emission energies of quantum dots (∆𝐸𝐹) could be obtained by 
Equation 1.6:54, 58 
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)                                               (1.6) 
When the radius of a quantum dot (𝑅) increases, the emission energy of the quantum dot (∆𝐸𝐹 ) 
decreases. In the case of CdSe quantum dots, almost all visible light range could be covered by tuning 
the size of the CdSe quantum dots resulting in different emission energies of quantum dots (∆𝐸𝐹).59 
1.4 Surface passivation 
Surface defects introduced in section 1.1 in the quantum confined semiconductor nanocrystals play a 
role in the trapping of the electron, hole, or excitons.60-63 The trapping will further reduce the radiative 
recombination processes and then quench the PLQY.64-67 To improve the photostability of quantum 
confined semiconductor nanocrystals, surface passivation plays an important role here.68 Theoretically, 
if all unsatisfied valences on the surface are well passivated, the nanocrystal would show no surface 
defects or surface states. Therefore, all states near the band edge are quantum confined, and only several 
discrete transitions are observable and represent discrete excitonic transitions like the 1S transition, as 
shown in Figure 1.2B. But in reality, not all surface defects could be well passivated. To decrease the 
surface states by surface passivation is very important in terms of improving the optical properties of 
quantum confined nanocrystals.69 And the most common way to achieve this is by shielding an organic 
(surface ligands) or inorganic (also known as core/shell structure) layer on the nanocrystals. Worth 
mentioning here, the colloidal nanocrystals are always capped with organic layers, despite the 
passivation of inorganic layers. 
 
Figure 1.2. The schematic illustration of surface passivation on a quantum dot by (A) organic ligands (tri-n-
octyl phosphine oxide (TOPO) in the figure) and (B) inorganic layer and the energy diagram of the energy 
difference between the core and shell together with the discrete transitions marked as 1Se–1Sh, 1Pe–1Ph, and 
1De–1Dh. 
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1.4.1 Organic Layer Passivation 
The colloidal quantum confined semiconductor nanocrystals were first achieved by Brus and 
published in the 1980s by obtaining a colloidal suspension of CdS.70 From then on, lots of affords 
were made by researchers all over the world to find the appropriate organic capping ligands.69, 71, 
72 Phosphines73 (for example, in Figure 1.2(A), tri-n-octyl phosphine oxide known as TOPO), 
and mercaptans (molecules with thiol group) are the state-of-the-art ligands used for colloidal 
stable nanocrystals in non-polar and polar solvents, respectively. Nanocrystals with organic 
ligands gain advantages in colloidal stability in either polar or non-polar solvent, then show great 
potential in water splitting,74-77 bio-sensing,42, 78-80 and other applications compared to those 
quantum nanocrystals that cannot be dissolved or dispersed in solvents. However, the organic 
ligands need to be handled with care. Organic ligands are usually disordered in structure and 
larger in volume compared to the surface sites on the nanocrystals.81 This will result in a low 
coverage rate, and some non-passivated surface sites will always be presented. For example, the 
coverage rate of TOPO capped on CdSe quantum dots with 3 nm diameter was reported to be 
only around 30 – 50%.82, 83 Another benchmark of organic surface passivation is ligands with 
amine groups.84, 85 The theoretical coverage of primary amines is close to 100%, much higher 
than the coverage rate of TOPO.86 NRs capped with poly(ethylene imine) (PEI) showed 
impressive photocatalytic QY (~ 6.3%).76 It has been suggested that the linear surface ligands 
leave gaps for oxygen to approach the surface of nanocrystals resulting in oxidation and 
decreased the PLQY.87, 88 Therefore, the surface of a nanoparticle would be more safely protected 
by a branched structure ligand.89 However, as a fact, the bonding between the capping ligands 
and surface sites is usually weak resulting in detachment when irradiated under UV light source 
or washing with violent centrifugation.90  
1.4.2 Inorganic Layer Passivation 
Aside from the organic layer passivation, another method is to use inorganic layers, namely a 
core/shell nanostructure (Figure 1.2(B)). Depending on the relationship between the bandgap of 
the core and the shell (also called the band alignment), the core/shell structures can be classified 
into different groups in Figure 1.3: Type I, inverted Type I, Type II and quasi Type II. The quasi 
Type II band alignment is mostly used in the design of quantum dots and NRs systems where the 
electron needs to be able to delocalize on the shared conduction band of both the core and shell, 
while the hole will be localized at the core.91, 92 This will generate a long-lived PL lifetime, which 
is an advantage for photocatalyst and will be mainly discussed in section 1.5. But before that, the 
Type I, inverted Type I and Type II need to be introduced. There are also other types of band 
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alignments like the Type III (broken gaps), but they are less related to the topic of this thesis and 
will not be introduced here. 
 
Figure 1.3. Different types of the core/shell nanocrystals based on the band alignment. 
1.4.2.1 Type I band alignment  
The photoluminescence of nanocrystals is found to be more photostable with a large 
bandgap material grown epitaxially due to the exciton confinement at the core 
generated by the energetic barrier, as shown in Figure 1.3. This kind of band alignment 
is called Type I.93-95 Coherency strains are usually discovered in the mismatched part 
between the core and the shell, which is introduced by the epitaxial growth when the 
shell material is adapting the lattice parameters of the core material. The mismatch is 
always presented in the percentage explained by the ratio of the difference between two 
different lattice parameters. The strain results in a redshift in the absorption and 
emission spectra of the nanocrystals in some cases.96 By using CdSe as the material of 
the core, lots of potential materials were introduced to be grown epitaxially as the shell 
on the core. Among all of the potential materials, ZnS,64, 97 ZnSe,98, 99 and CdS100 stand 
out because of their larger bandgap (> 1.76 eV, the bandgap of CdSe) and low lattice 
mismatch (< 12%, the threshold of dislocations between core and shell).93 The lattice 
mismatch is 10.6% between CdSe and ZnS,101 which is larger than that between CdSe 
and ZnSe at 6.3%,98 while the smallest mismatch is only 3.9% between CdSe and CdS. 
Both ZnS and ZnSe are quiet good materials to act as the shell in terms of exciton 
confinement and PLQY. Moreover, the CdS seems to be a better material due to the 
smallest mismatch and lower strains resulting in higher PLQYs with longer PL 
lifetimes.93, 102, 103 
1.4.2.2 Inverted Type I band alignment  
Inverted core/shell nanocrystal structure is another way to cap inorganic layers on the 
nanocrystals. The word “inverted” means that the bandgap of the shell material is 
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smaller than the bandgap of the core material (Figure 1.3). The inverted core/shell 
semiconductor nanocrystals include but not limit to CdS/CdSe,104 ZnSe/CdSe,105 and 
CdS/HgS.106 Taking ZnSe/CdSe quantum dots as an example, the VB of ZnSe is lower 
than that of CdSe, and the CB of ZnSe is higher than that of CdSe. This kind of band 
structure directly results in the localization of the electron and hole in the CdSe shell 
region. This is an advantage when dealing with electron and/or hole removal process in 
the applications of solar cells107 or electrodes.108 Similar to Type I band alignment, the 
PL wavelength of the inverted Type I band aligned nanocrystals could be tuned by the 
shell thickness.105 However, due to the localization of the electron and hole at the shell, 
increased interaction with surface trap states results in poor photostability.109 
1.4.2.3 Type II band alignment  
Like Type I and inverted Type I band alignment, Type II band alignment has a 
characteristic relationship between the band structure of the core and shell. In this case, 
the VB edge of the core is in the range of the bandgap of the shell, while the CB edge 
of the shell is in the range of the bandgap of the core (Figure 1.3). Upon excitation, the 
electron is confined at the shell while the hole is confined at the core.110 The first 
reported Type II semiconductor quantum dots were the CdTe/CdSe and CdSe/ZnTe 
core/shell quantum dots by Bawendi group. Long photoluminescence (PL) lifetime was 
observed due to the separated localization of the electron and hole at the shell and the 
core, respectively.111 Later, by altering the precursors to TOP:Te and TOP:Se (TOP:X 
refers to X element dissolved in tri-n-octyl phosphine), CdTe/CdSe quantum dots with 
improved photoluminescence quantum yield (PLQY) up to 40% were synthesized. 
With relatively high PLQY and long-lived lifetime, Type II band alignment 
nanocrystals show great potential in photocatalyst where these properties favor the 
catalytic efficiency and solar cells where these properties facilitate the high photon-to-
current conversion efficiency.112-114 
1.4.2.4 Quasi-Type II band alignment  
Peng et al. first reported on the achievement of -0.3 eV (Type II) to 0.3 eV (Type I) 
conduction band potential offset between the core and shell in the CdSe/CdS core/shell 
quantum dots by tuning the size of the CdSe core.93 This indicates the possibility of 
achieving a nearly negligible conduction band potential offset by tuning the core size 
and opened the door for achieving Quasi-Type II band alignment. It is now generally 
agreed that the electronic structure is tunable from Type I to Quasi-Type II depending 
on the core size, rod diameter and sometimes interfacial strain.115-119 The quasi Type II 
band alignment is mostly used in the design of NRs systems where the electron needs 
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to be able to delocalize on the shared conduction band of both the core and shell, while 
the hole will be localized at the core. The recombination process is much longer 
compared to Type I band alignment due to the spatial separated electron and hole. This 
would favor the charge separation resulting in better catalytic performance.24 
1.4.3 Non-epitaxial growth 
Most of the semiconductor nanocrystals contain toxic elements like Cd, Se, and Te. When such 
materials are used in biological applications, non-epitaxial growth of the shell is promising in 
terms of preventing the leaking of toxic ions. Non-epitaxial growth includes both organic and 
inorganic coating. A silica shell was reported to be good shell material in terms of preventing the 
leaking of Cd2+ from CdTe quantum dots.120 Also, recent results showed that non-toxic polymer 
coating on semiconductor nanocrystals also reduced the toxic level of the material when used in-
vivo.79, 121 
1.5 A brief introduction to the synthesis of quantum dots and NRs 
In this section, the basic synthesis methods are introduced on the quantum dots (and the core/shell 
quantum dots) and NRs (and the dot-in-rod NRs). The “hot injection” method is used in this thesis for 
CdSe quantum dots synthesis due to the simplicity of operation and high quality of quantum dots 
product in terms of narrow size distribution and high PLQY.73 And the “seeded growth” method is used 
in this thesis for the synthesis of the CdSe/CdS dot-in-rod NRs due to the similarity in operation and 
high quality of NRs product compared to the “hot injection” method. 
1.5.1 Quantum dots (including the core/shell quantum dots) 
Semiconductor quantum dots are a group of sphere shape nanocrystals with a diameter ranging 
in 1 – 100 nm. The composition of semiconductor quantum dots includes CdSe, CdS, ZnSe, ZnS, 
CdTe, PbS, InP, and so on.122-126 The history of the application of quantum dots is far longer than 
we expected and may data back to 4000 years ago that ancient Egyptian cosmetics already 
introduced PbS nanoparticles to darken the hairs.127 These PbS nanoparticles had a size of 5 nm, 
which was quite similar to the PbS quantum dots synthesized with modern synthesis methods.128, 
129 Since the band alignment of quantum nanocrystals are already introduced in section 1.3.2, the 
introduction of quantum dots in this part shall only focus on its morphology and synthesis 
methods. The synthesis method of quantum dots can be classified as physical methods and 
chemical methods.130 The most common physical method is to break down bulk semiconductors, 
but the obtained quantum dots are without surface ligands resulting in non-dispersible quantum 
dots in any solutions.131, 132 The chemical methods are much better in terms of obtaining colloidal 
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quantum dots suspension. The state-of-the-art chemical method is the “hot-injection” method, as 
shown in Figure 1.4, which is proposed by Bawendi group in their first published paper reporting 
quantum dots synthesis in organic solvents.73 The precursor was injected into the reaction mixture 
at high temperature to form nuclei, and then the growth of the core happened at a relatively low 
temperature. This method successfully separates the nucleation and growth processes of the 
quantum dots resulting in narrow size distribution and high quality in crystallization.73 For the 
synthesis of core/shell quantum dots, successive ion layer adsorption and reaction (SILAR) and 
the “seeded growth” method are the main methods.133, 134 SILAR is to inject the precursor 
containing shell material cation or anion one after another into the seed precursor in order to 
control the number of shell layers while the “seeded growth” method is to inject the shell material 
anion precursor into the precursor mixture of the shell material cation followed by the injection 
of the seed at high temperature. 
 
Figure 1.4. The “hot injection” method of CdSe quantum dots synthesis. CdO, octadecylphosphonic acid 
(ODPA) and TOPO were melted at 80 °C and heated up to 120 °C in vacuum to remove water. Mixture 
were heated up to 320 °C to form the Cd-(ODPA)2 and then heated up to 340 °C followed by a quick 
injection of TOP:Se(Se dissolved in trioctylphosphine). The size of the CdSe quantum dots could be 
tuned by varying the reaction time. Longer reaction time results in bigger quantum dots and shorter 
reaction time results in smaller quantum dots. In this thesis, the reaction is cooled down immediately 
after the injection results in CdSe quantum dots with diameter of 2.2 nm. 
1.5.2 NRs and the dot-in-rod NRs 
Both SILAR and “seeded growth” methods are facing the anisotropy growth of the shell when 
the reaction is kinetically overdriven by a very high monomer concentration (monomer is adopted 
from Ref. 105 as the small particle after short time of shell growth).135, 136 This seems to be a huge 
problem for core/shell quantum dots but miraculously opens a new door for the synthesis of 
different shapes of the nanocrystals. CdSe NRs were first obtained by taking the benefit of the 
anisotropic wurtzite CdSe.135, 136 By adding phosphonic acids, the specific binding of the ligands 
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to crystal facets results in the decrease of the number of nucleus and the increase of the monomer 
concentration further resulting in exclusive growth along the c-axis.137 From then on, various 
semiconductor NRs have been synthesized, such as CdS and PbSe.138 There are some 
unachievable properties (for example, band alignment) for single component NRs. Therefore, 
hetero-nanorods with different components of materials have been synthesized. The “seeded 
growth” method, as shown in Figure 1.5, is until now one of the most studied methods to achieve 
dot-in-rod NRs since 2007.134, 139 The band alignment of the dot-in-rod NRs is quite similar to the 
band alignment of the core/shell quantum dots. The main research object of this thesis is the 
Quasi-Type II NRs and more information will be introduced in the next section. 
 
Figure 1.5. The “seeded growth” method of CdSe/CdS dot-in-rod NRs synthesis. CdO, ODPA, 
propylphosphonic acid (PPA) and TOPO are melted at 80 °C and heat up to 120 °C in vacuum to 
remove water. After purging N2, reaction mixture is heated up to 320 °C to form the Cd-(ODPA)2 and 
then cooled down to 120 °C  to remove the generated water in vacuum. After purging with N2, the 
reaction mixture is again heated up to 340 °C followed by a quick injection of TOP:S and CdSe seed. 
The length of the CdSe/CdS dot-in-rod NRs could be tuned by varying the reaction time and the amount 
of CdO. Longer reaction time and higher amount of CdO results in longer NRs and shorter reaction time 
and lower amount of CdO results in shorter NRs. In this thesis, the reaction is cooled down 10 min after 
the injection of the seeds results in NRs with length of 30 nm and diameter of 5 nm. 
1.6 Quasi-Type II band alignment in CdSe/CdS dot-in-rod NRs and the 
potential application in hydrogen evolution reaction (HER) 
The focus of this thesis is CdSe/CdS dot-in-rod NRs, which have been proven to be synthesized as Type 
I and quasi Type II band alignment structures. These different band alignments are achieved by tuning 
the size of the CdSe core in the dot-in-rod NRs.115 Because the tips of NRs are often associated with 
high-energy crystal faces,140 selective growth of metal nanocrystals (such as platinum and gold)140, 141 
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at the tip have been readily achieved. This results in an integrated triadic semiconductor/metal NRs 
heterostructures consisting of well-positioned light-absorbing, charge separating, and catalytic 
components, which can be used as the ideal materials for solar-to-fuel conversion.24 In Figure 1.4, the 
basic working principle is illustrated. Upon photoexcitation, electrons are transferred to the Pt tip for 
the catalytic reduction of 2H+ to H2, while holes are transferred to the CdSe core and then removed by 
external electron donors, such as phenothiazine,142 SO32-, triethylamine (TEA), and EDTA4-.143  
 
Figure 1.6. Schematic illustration of a triadic nanorod: a CdSe/CdS nanorod with a Pt nanoparticle at one tip. D 
is an external sacrificial electron donor. 
The removal of hole is a key efficiency limiting step in the photocatalytic HER.143-146 Zamkov et al. 
reported that H2 generation performances from MUA capped-ZnSe/CdS–Pt NRs was ~ 300-fold higher 
than MUA capped-ZnTe/CdS–Pt NRs due to favored hole transfer for the ZnSe core. Berr et al. reported 
highest H2 generation QYs (averaged over 4 hours of irradiation) for CdS–Pt NRs with SO32- (1.7%) in 
their experiments. Based on this results, Wu et al. further investigated H2 generation efficiencies of the 
CdSe/CdS dot-in-rod NRs in the presence of different electron donors and found that MeOH exhibited 
higher efficiency in heterostructure NRs while SO32- showed worked better in CdS–Pt NRs.147 However, 
the removal of the holes is achieved by an excess of the sacrificial electron donors, which results in a 
low energy gain.24 And if the holes are not removed or consumed, it will lead to the oxidation of the 
NRs.148 The surface ligand of NRs is also important in terms of hole transfer. MUA is reported to not 
only endow NRs with water dispersibility but also reduce the PL lifetime of ZnSe/CdS dot-in-rod NRs 
from 42.0 to 1.9 ns compared to the native non-polar ligands due to ultrafast hole transfer to MUA.144 
And surface ligands also alter the surface states of NRs due to surface passivation of surface dangling 
sites further influencing the optical and catalytic performance which was introduced in section 1.3.1. 
Research works on this structure are mainly focused on these aspects: 1. easier hole removal. The dot-
in-rod structure favors the electron motion across the rod, but the hole is selectively localized in the dot 
away from the interface of this structure. This will introduce difficulties when removing the residual 
hole. This could be achieved by using small band gap material as the shell material to make the hole 
localization at the surface of the NRs. 2. phase transfer with high stability. For most HERs, NRs should 
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be soluble or dispersible in water or other polar solvents. However, with the state-of-the-art “seeded 
growth” synthesis method, NRs are capped with TOPO as surface ligands, which only make NRs 
dispersible in non-polar solvents such as toluene, hexane. The phase transfer of the NRs while keeping 
their electronic structure and the high photoluminescence is a hot topic. 3. the control over HERs by 
designing a switch. By intercepting the electron to the catalytic center, it is possible to switch on and 
off of the HERs. A matrix made up of redox-active polymer would make it possible to achieve this aim. 
These aspects are also the topics that will be focused in this thesis. 
1.7 The outlines of this thesis 
This thesis is mainly focused on the structure comparison between CdSe/CdS dot-in-rod NRs and 
CdS/CdSe nanobarbells, synthesis and characterization of CdSe/CdS dot-in-rod NRs with different 
water-soluble surface ligands and their influence on the exciton dynamics, and the interaction between 
CdSe/CdS dot-in-rod NRs and redox-active molecules (and polymers). So, in this thesis, the NRs will 
be investigated from the inside out. The aim of this thesis is to make contribution to finding new 
photosensitizers with better hole removal capability by investigating CdSe/CdS NRs with CdSe shell, 
improving the catalytic efficiency of HER by improving the understanding of the influence introduced 
by different surface ligands on the dot-in-rod NRs, and achieving a switchable system for HER by 
gaining knowledge on the switchable photoluminescence systems using the dot-in-rod NRs and 
dopamine (or polydopamine). Ultimately, I sincerely wish my work may make a tiny contribution to 
the development of zero-carbon-emission energy systems and reducing energy crisis. 
Chapter 2 introduces the basic methods used in the investigation of the research object together with 
the synthesis procedures of related materials. 
Chapter 3 introduces and discusses on the properties of CdS/CdSe nanobarbells (namely, the CdSe/CdS 
inside-out NRs in chapter 3) using CdSe/CdS dot-in-rod NRs as the reference. The features of the 
CdSe/CdS inside-out NRs are probed by steady-state measurements and transient absorption 
measurements to reveal the influence of different nanostructures on the surface states and carriers’ 
dynamics. 
Chapter 4 deals with the CdSe/CdS dot-in-rod NRs and their phase transfer into water. The dot-in-rod 
NRs with six different surface ligands will be investigated in this chapter in terms of the steady-state 
measurements and time-resolved measurements to understand the influence of surface ligands on the 
surface states and carriers’ dynamics. The pH stability is also investigated to match ligands with 
potential applications.  
Chapter 5 discusses the interaction between CdSe/CdS dot-in-rod NRs and the redox-active molecules, 
namely dopamine, as well as the redox-active polymer, namely polydopamine. The interaction is probed 
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by steady-state quenching experiments and time-resolved PL quenching experiments to reveal the 
quenching mechanism of either electron transfer or hole transfer of the dot-in-rod NRs. 
 
Figure 1.7. Schematic outline of this thesis’ structure. In chapter 3, the dot-in-rod NRs and inside-out NRs are 
investigated with regards to the influence of structures on their carrier dynamics. In chapter 4, phase transfer of 
the dot-in-rod NRs are investigated especially on the influence of surface states introduced by different surface 
ligands. In chapter 5, the quenching mechanisms are investigated between the dot-in-rod NRs and dopamine / 
polydopamine. 
  




6. Experimental Section 
This chapter mainly talks about the synthesis of the CdSe/CdS dot-in-rod NRs together with the ligand 
exchange protocols and all methods introduced to probe the properties of the research objects in this 
thesis. The “synthesis protocols” part includes the synthesis of CdSe quantum dots and CdSe/CdS dot-
in-rod NRs, synthesis and characterization of ligands, and the ligand exchange protocols. The “methods” 
part contains the basic information on the introduced instruments in this thesis.  
2.1 Synthesis protocols 
All chemicals and solvents were purchased from Sigma-Aldrich (now known as Merck KGaA), except 
octadecylphosphonic acid (ODPA) was purchased from Carl Roth, and all solvents were of 
spectroscopic grade. All chemicals and solvents were used without any further purification Water was 
deionized and degassed before use except for the measurements taken under the air atmosphere where 
water was only deionized. In this thesis, the CdSe quantum dots were capped with TOPO and CdSe/CdS 
NRs were capped with several different surface ligands, then “ligands name” referred to the pure ligands, 
and “Ligand-NRs” referred to NRs with the related ligand. For example, TOPO (trioctylphosphine 
oxide) refers to the pure TOPO ligand, and TOPO-NRs refers to the TOPO capped NRs. 
 Synthesis of the seeds (CdSe quantum dots) 
Synthesis of the CdSe seed was adopted form a reported procedure.139 The synthesis setup was 
illustrated in Figure 2.1. A 25-mL-three-neck-flask was filled with 3.00 g (TOPO), 0.28 g 
octadecyl-phosphonic acid (ODPA), 0.06 g CdO. The synthesis was conducted under constant 
stirring and an inert atmosphere if not indicated otherwise. The flask was heated up to 80 °C to 
melt the chemicals and evacuated to get rid of the water content in the chemicals. Once no more 
gas emerged from the solution, the flask was heated to 120 °C and kept evacuated for 30 min. 
After that, the flask was purged with N2. The flask was then heated to 320 °C, upon which the 
solution turned colorless due to the complexation of Cd-(ODPA)2. Then, the flask was heated up 
to 340 °C. Next, 0.058 g CdSe dissolved in 0.36 g trioctylphosphine (TOP) was injected. After 
the injection, the heating was immediately stopped, and the flask was cooled down by N2 airflow 
to accelerate the cooling speed. After the temperature of the mixture was cooled down to 90 °C, 
5 mL of toluene was injected into the mixture to stop the solidification of the mixture. The seeds 
were cleaned by centrifugation with 10 mL toluene in 10 mL methanol for five times and then 
dissolved in toluene. The characterization of the seeds was performed by transmission electron 
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microscopy (TEM) and an empirical literature-know formula149 (displayed in Equation 2.1) with 
a diameter of 2.2 nm. 𝐷 is the diameter and 𝜆 is the is the wavelength (nm) of the first excitonic 
absorption peak of the CdSe seeds.  
𝐷 =  (1.61 × 10−9)𝜆4 −  (2.66 × 10−6)𝜆3 +  (1.62 × 10−3)𝜆2  −  (0.43)𝜆 +  41.57    (2.1) 
 
 
Figure 2.1. The synthesis setup of CdSe quantum dots by the “hot-injection” method. All parts were 
labeled with numbers and descriptions. 
 Synthesis of dot-in-rod TOPO-NRs 
The synthesis of TOPO-NRs was adopted from a literature-known procedure.134 The same 
synthesis setup was used in the NRs synthesis as the setup showed in Figure 2.1. A 25-mL-three-
neck-flask was filled with 3.35 g TOPO, 1.08 g ODPA, 0.207 g CdO and 0.06 g n-
propylphosphonic acid (PPA). The synthesis was conducted under constant stirring and an inert 
atmosphere if not noted otherwise. The flask was heated up to 80 °C until the reaction mixture 
melted and evacuated to remove residual water from the mixture. Once gas formation stopped, 
the flask was heated to 120 °C and kept evacuated for 30 min. After that, the flask was flooded 
with N2. The flask was then heated to 320 °C, upon which the solution turned colorless due to 
the complexation of Cd-(ODPA)2, and then cooled down to 120 °C. Next, a vacuum was applied 
until gas formation in the reaction mixture stopped (at least 2 hours) to remove water, which was 
a side product of Cd-(ODPA)2 complexation. Then, the flask was flooded with N2 again and 
heated up to 340 °C. Next, 1.5 g TOP and 0.05 g sulfur dissolved in 0.60 g TOP were injected. 
After 20 s, 2 mg of CdSe seeds (diameter = 2.2 nm) dissolved in 0.5 g TOP were injected. The 
reaction was stirred for 10 min until the color of the solution turned from red to orange. 5 mL of 
toluene was injected into the mixture once the temperature dropped below the flashing point of 
toluene to stop the solidification of the mixture. The rods were cleaned by 5000 rpm 
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centrifugation with 6 ml n-hexane, 2 ml nonanoic acid, and 2 ml octylamine in 10 ml methanol 
five times. The size of the rods was selected by centrifugation at 4200 rpm for 30 min with 10 ml 
toluene and 8 ml isopropanol. The NRs were then dispersed in toluene to form TOPO-NRs 
suspension for further investigation.  
 Ligand exchange with 11-mercaptoundecanoic acid (MUA) 
The ligand exchange procedures of MUA were adopted from the paper published by Amirav et 
al. with slight modification.150 250 mg MUA was dissolved in 25 ml methanol, and tetramethyl-
ammonium hydroxide pentahydrate was added until the solution reached pH 11 (c. 200 mg). 
20 mg TOPO-NRs (dried under vacuum from its toluene solution) were added into this mixture 
and stirred for 2 h. When the NRs were fully dispersed, c. 35 mL of toluene was added as non-
solvent until NRs precipitated. The mixture was then centrifuged at 6000 rpm for 20 min, and the 
precipitate was dispersed in degassed deionized water to obtain MUA-NRs suspension.  
 Ligand exchange with poly(ethylene glycol) 2-mercaptoethyl methyl ether 
(HS-PEG-OCH3) 
The ligand exchange procedures of HS-PEG-OCH3 was adopted from the ligand exchange 
protocol of MUA (see above). 50 mg HS-PEG-OCH3 (Mn ≈ 800 g mol-1, equal to roughly 18 
repeating units) was dissolved in 5 ml methanol, and tetramethylammonium hydroxide 
pentahydrate was added until the solution reached pH 11 (c. 40 mg). 4 mg dry TOPO-NRs were 
added into this mixture and stirred for 2 h at room temperature. Because of the amphiphilic 
property of HS-PEG-OCH3, the capped NRs exhibited good solubility in both polar and non-
polar solvents. So, the mixture was then transferred into a Vivaspin 20 centrifugal concentrator 
with Molecular weight cut-off (MWCO) at 10kDa and then centrifuged at 6000 rpm for 20 min. 
The precipitate was then redispersed in 5 mL methanol and centrifuged again under the same 
conditions. This step was repeated three times in total. The precipitate was dispersed in degassed 
deionized water to get HS-PEG-OCH3-NRs suspension. 
 Synthesis of and ligand exchange with dihydrolipoic acid–poly(ethylene glycol) 
ester (DHLA-PEG) 
Synthesis and ligand exchange of DHLA-PEG followed a literature-known protocol151 by Uyeda 
et al. In short, poly(ethylene glycol) (PEG) (100 mmol, Mn ≈ 400 g mol-1, equal to roughly nine 
repeating units) was attached to lipoic acid (LA) (10 mmol) using a dicyclohexylcarbodiimide 
(DCC) (11 mmol)-mediated esterification reaction with 4-(dimethylamino)-pyridine (DMAP) (3 
mmol) as a catalyst to obtain LA-PEG. The solvent was dichloromethane (100 mL). The 
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precipitate that formed was filtered over a plug of Celite, and the residual organic mixture was 
washed with brine (75 mL) three times to wash away excess PEG. The combined organic extracts 
were dried over MgSO4, filtered, and evaporated. The crude product was purified by 
chromatography (ethyl acetate/methanol 95:5) and evaporated to obtain LA-PEG as a yellow oil. 
The reduction reaction was performed by adding NaBH4 (2.2 mmol) into LA-PEG (2 mmol) in 
a 1:4 ethanol/water solution. To get pure DHLA-PEG, column chromatography (ethyl 
acetate/methanol 90:10) was applied. The product structure was confirmed by the assignment of 
protons in the proton nuclear magnetic resonance (1H-NMR) and 1H - 1H correlation spectroscopy 
(COSY). 1H-NMR of DHLA-PEG (upper) and LA-PEG (bottom) was displayed in Figure 2.2 
with assignments of all protons. 
 
Figure 2.2. The 1H-NMR spectrum of DHLA-PEG (upper) and LA-PEG (bottom) in CD2Cl2. 
For the ligand exchange, 50 mg DHLA-PEG was dissolved in 5 mL methanol, and 4 mg dry 
TOPO-NRs were added. The mixture was heated at 50 °C for 4 hours under constant stirring. 
Because of the hydrolysis of the -COOR group in DHLA-PEG, the ligand exchange could not be 
performed in a basic environment as the same as the ligand exchange of MUA. As DHLA-PEG-
NRs were dispersible in both polar and unipolar solvents, the sample was purified using a 
centrifugal concentrator. The mixture was placed in a Vivaspin 20 centrifugal concentrator and 
centrifuged at 6000 rpm for 15 min. This step was repeated three times with methanol to purify 
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 Synthesis of and ligand exchange with dihydrolipoic acid (DHLA) 
Synthesis and ligand exchange of DHLA followed the above-mentioned literature-known 
protocol151 by Uyeda et al. In short, LA was reduced by NaBH4, followed by column 
chromatography to get pure DHLA.  
The ligand exchange was carried out with a similar protocol as the HS-PEG-OCH3 ligand 
exchange. 50 mg DHLA was dissolved in 5 ml methanol, and tetramethylammonium hydroxide 
pentahydrate was added until the solution reached pH 11 (c. 40 mg). 4 mg dry TOPO-NRs (dried 
under vacuum from its toluene solution) were added into this mixture and stirred for 2 h. The 
mixture was then transferred into a Vivaspin 20 centrifugal concentrator and then centrifuged at 
6000 rpm for 20 min. The precipitate was then redispersed in 5 mL methanol and centrifuged 
again under the same conditions. The cleaning step was repeated three times in total. The 
precipitate was then dispersed in degassed deionized water to form DHLA-NRs suspension. 
 Ligand exchange with hyperbranched poly(ethylene imine) (PEI) 
The ligand exchange protocol was adapted from a protocol by Thomas et al. for TOPO-capped 
CdSe@ZnS quantum dots.152 4 mg TOPO-NRs and 50 mg hyperbranched PEI 
(Mn = 25000 g mol-1) were dispersed in 5 mL CHCl3. The mixture was stirred for 4 h, followed 
by adding 10 mL cyclohexane to precipitate the NRs. The precipitate was collected by 
centrifugation at 6000 rpm for 15 min and dispersed in degassed deionized water to get PEI-NRs 
suspension. 
2.2 Methods and instruments 
2.2.1 Transmission electron microscopy (TEM) 
To characterize the morphology and calculate the size and distribution of synthesized quantum 
dots and NRs, transmission electron microscopy was used. The TEM images were taken by a 
JEOL JEM-1400 transmission electron microscope (JEOL Ltd., Japan) with a beam source of 
lanthanum hexaboride (LaB6). The length of the NRs was determined by measuring all the NRs 
that appeared in the TEM images clear enough to be counted as individuals. All measures were 
marked with red lines in the images.  Then the average length and the standard deviation (SD) 
were calculated to give the distribution of the length of the NRs. The width of the NRs was 
determined in the same way as the length of the NRs. 
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2.2.2 Steady-state absorption and photoluminescence spectroscopy 
To probe the transitions from the electronic ground state in the research object in this thesis, 
steady-state absorption spectroscopy was introduced. Absorption spectra were recorded in a 
quartz cell (d = 1 cm) using a JASCO V780 UV-Visible spectrophotometer (JASCO Germany 
GmbH, Germany). All measurements were performed in a wavelength range from 200 nm to 
800 nm (some absorption plots in this thesis may be displayed in a different range for better 
comparison). The measurements were carried out using a double beam method (in Figure 2.3), 
so a cuvette with a pure solvent was always measured as a reference. 
 
Figure 2.3. The illustration of the UV-Vis absorption spectrometer setup using a double beam method.153 
In a double-beam absorption spectrometer, the light sources (both UV and Vis light sources) were 
reflected by a diffraction grating to generate a single wavelength beam due to the principles of 
diffraction gratings.154 Then the beam was split into two beams, namely the reference beam and 
the sample beam. Before measurements, the background scan was carried out with both cuvettes 
filled with solvents. This step would measure the incident spectral intensity (𝐼0()). Then the 
reference beam went through the reference cuvette with pure solvent, and the intensity of the 
beam was recorded as the reference intensity which should be the same value as 𝐼0(). The 
sample beam went through the sample cuvette, and the intensity of the beam was recorded as the 
transmitted spectral intensity (𝐼()). Then the absorbance (𝐴) at a specific wavelength  of the 
sample could be expressed by the Lambert-Beer law as Equation 2.2:155 
𝐴() = log (
𝐼0()
𝐼()
) = 𝜀() ∙ 𝑐 ∙ 𝑙                                                  (2.2) 
here 𝜀() is the wavelength-dependent molar extinction coefficient, and 𝑐 is the concentration of 
the sample. The length of the beam pathway in the sample solution is 𝑙 and 𝑙 = 1 cm in all steady-
state absorption measurements.  
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Photoluminescence spectroscopy was introduced in this thesis to probe the radiative decay 
processes of the investigation target. In this thesis, fluorescence was the only emissive pathway 
occurring. Emission spectra were recorded in a quartz cell ( 𝑙  = 1 cm) using an FLS980 
photoluminescence spectrometer (Edinburgh Instruments Ltd, the United Kingdom) in a 90° 
geometry. As illustrated in Figure 2.4, the light source was an ozone-free Xenon arc lamp, and 
the light beam was focused on a monochromator to generate the excitation beam. An excitation 
wavelength of 400 nm was generated and used to excite the sample. The photoluminescence 
emission intensity ( 𝐼𝐹 ) and the excitation light source intensity ( 𝐼0 ) were recorded by 
photomultiplier tubes (PMTs). The emission spectra were recorded in a wavelength range of 
420 nm to 700 nm. The optical density (OD) of the dispersions was usually set to 0.05 to avoid 
inner filter effects and reabsorption of emission. (However, due to the separated absorption and 
emission regions in CdSe/CdS dot-in-rod NRs, the OD was not necessarily to be set so low.) The 
photoluminescence emission intensity (𝐼𝐹) at a given excitation wavelength 𝜆𝑒𝑥 can be expressed 
in Equation 2.3.156  
𝐼𝐹 = 𝐼0 ∙ 𝛷 ∙ (1 − 𝑒
−2.303𝜀𝑐𝑙)                                                      (2.3) 
where 𝛷 and 𝜀 are the PLQY and molar extinction coefficient of the sample at 𝜆𝑒𝑥, respectively. 
For the sample that optical density is less than 0.05, Equation 2.3 could be rewritten as Equation 
2.4.156 
𝐼𝐹 = 𝐼0 ∙ 𝛷 ∙ (2.303𝜀𝑐𝑙)                                                            (2.4) 
Emission spectra were recorded with a function of constant wavelength. For certain data 
evaluation methods in this thesis (multi-Gaussian peaks fit, Stokes shift calculation…), emission 
spectra in energy scale were plotted. For these cases, the emission intensity (𝐼𝐹(𝜆)) should be 
multiplied by 𝜆2/ℎ𝑐 to keep the integrals of the spectra, where ℎ is the Planck’s constant and 𝑐 
is the speed of light.157 To keep the calculate easy, the emission spectra were only multiplied by 
𝜆2 when followed by normalization. 
 
Figure 2.4. The illustration of the photoluminescence spectrometer setup in a 90° geometry.158 
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PLQY (𝛷) is a crucial property of the NRs. In principle, it describes the ratio of emitted (𝑁𝑒𝑚) 
to absorbed (𝑁𝑎𝑏𝑠) photons. Moreover, it also describes the relationship between emissive rate 







                                                              (2.5) 
There are two methods to determine the PLQY of a sample. One is the absolute PLQY 
measurement using an integrating sphere.159 By using an integrating sphere, much of the optical 
anisotropy is eliminated by multiple reflections on the inner surface of the integrating sphere.160 
The emission spectra of the sample and the solvent are measured separately to get the scattering 
and emission signals of the sample and solvent. Because all photons enter the integrating sphere 
are collected by the detector, the scattering signals of the solvent are actually the excitation and 
the difference between the scattering signals of the solvent and the sample (𝑆𝑠𝑜𝑙 − 𝑆𝑠) are the 




                                                                        (2.6) 
The 𝐸𝑠 and 𝐸𝑠𝑜𝑙 refer to the integrated emission intensity of the sample and solvent, respectively. 
𝑆𝑠 and 𝑆𝑠𝑜𝑙 refer to the integrated scattering intensity of the sample and solvent, respectively. The 
other method is the relative PLQY measurement using a suited standard (a known absolute PLQY 
with similar emission peak position as the sample at the same excitation wavelength). The relative 
PLQY is given as Equation 2.7, where 𝛷𝑟𝑒𝑓 is the known PLQY of the reference standard, 𝐼𝑠 and 
𝐼𝑟𝑒𝑓 are the spectrally integrated emission intensity of the sample and reference standard, 
respectively. 𝐴𝑠 and 𝐴𝑟𝑒𝑓  are the absorbance of the sample and reference standard at the 
excitation wavelength, and 𝑛𝑠 and 𝑛𝑟𝑒𝑓 are the refractive index of the solvents of the sample and 
reference standard, respectively.161, 162 











                                                (2.7) 
Both methods were used in this thesis, and all PLQY data displayed in this thesis will be marked 
with the related method.  
2.2.3 Fourier transform infrared spectroscopy (FTIR) 
FTIR was introduced in this thesis to monitor the ligand exchange of NRs qualitatively. In 
principle, infrared radiation is sent through the sample, with radiation absorbed and passed. The 
absorbed radiation is converted into rotational and vibrational energy by the sample. The detector 
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record signal as a spectrum of the molecular vibrations shown in Figure 2.5, including symmetric 
stretching, asymmetric stretching, rocking, scissoring, wagging, and twisting.  
 
Figure 2.5. The illustration of the vibration modes in FTIR.163 
IR spectra were recorded using a Bruker Tensor 27 system equipped with a mid-IR source (4000 
to 600 cm-1) with attenuated total reflectance (ATR) mode, as shown in Figure 2.6. The sample 
was placed directly on a CaF2 substrate (1 cm ∙ 1 cm). After drying the sample in vacuum, the 
substrate was rotated, and then the sample side was placed on the small crystal spot of the detector. 
Then the arm was rotated over and turned down to press the sample down onto the crystal face 
to get better contact. The IR beam penetrates about 60 μm into the sample. The background of 
the CaF2 substrate was always scanned before the measurements of the samples. 
 
Figure 2.6. The illustration of the FTIR setup in ATR mode.164 
2.2.4 Pump-probe transient absorption spectroscopy 
The pump-probe transient absorption (TA) measurements were conducted in this thesis to probe 
the fast excited state processes, together with the deactivation processes of these excited states. 
The experimental instruments were displayed in Figure 2.7. The 780 nm fundamental generated 
from a Ti:Sapphire amplifier (Legend-Elite, Coherent Inc., the USA) with a repetition rate of 
1 kHz (pulse duration ≈ 30 fs) was split into two beams with a beam splitter. One portion of the 
beam was used to generate the pump beam by the second harmonic generation (SHG) of 390 nm 
using a bariumborate (BBO) crystal.165 The other portion of the 800 nm fundamental was used 
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for probe beam generation. This portion of the fundamental was focused on a constantly rotating 
CaF2 crystal to generate white light. A filter was placed before the CaF2 crystal to lower the 
intensity of the fundamental in case of overheating. The CaF2 crystal holder needs to be rotating 
during the white light generation to prevent the crystal from degrading. A spherical mirror is 
placed before the supercontinuum generation to fine-tune the white-light properties. The probe 
beam was then split into two parts. One part was focused by a concave mirror and used to probe 
the sample, while the other part was used to act as the reference beam in the data collection step.  
 
Figure 2.7. The illustration of the pump probe transient absorption setup. 
The relative angle between the pump and probe beam was set to the magic angle (54.7°) to avoid 
artifacts in the signal because of the rotational diffusion. A Berek compensator was placed in the 
pump path to achieve this. The pump and probe beams were focused at the sample placed in a 
1 mm inert cuvette where measurements were perform without oxygen with a small angle so that 
the pump beam could be blocked while the probe beam and the reference beam were recollimated 
and sent parallelly to the detection system (Pascher Instruments, AB, Sweden) consisting of a 
spectrograph (Acton, Princeton Instruments, the USA) with a double-stripe diode array detector. 
The readout rate of the detector was the same as the laser repetition rate. 
 
Figure 2.8. The illustration of the detecting system of the transient absorption setup. 𝐼(𝜆) and 𝐼0(𝜆) refer 
to pump-on signal and reference signal. 𝐼𝐴(𝜆) and 𝐼𝐵(𝜆) refer to pump-off signal and reference signal.  
𝐼𝑁1(𝜆) and 𝐼𝑁2(𝜆) refer to background noise signal measured without beam signal. 
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The basic principle of this pump-probe TA spectroscopy is explained briefly in Equation 2.8. The 
differential optical density (∆𝐴𝑏𝑠) can be calculated by the optical density of the sample with the 
pump (𝐴𝑏𝑠𝑝𝑢𝑚𝑝−𝑜𝑛) minis the optical density of the sample without the pump (𝐴𝑏𝑠𝑝𝑢𝑚𝑝−𝑜𝑓𝑓). 
 ∆𝐴𝑏𝑠 = 𝐴𝑏𝑠𝑝𝑢𝑚𝑝−𝑜𝑛 − 𝐴𝑏𝑠𝑝𝑢𝑚𝑝−𝑜𝑓𝑓                                                    (2.8) 
However, when the ∆𝐴  is calculated in a practical measurement, more signals need to be 
measured. The setup introduced in this thesis used a two-pulse method with a mechanical chopper 
that cut off every second laser pulse. As displayed in Figure 2.8, when the sample was pumped, 
the probe beam intensity was recorded as 𝐼(𝜆, ∆𝑡) and the reference beam was recorded as 
𝐼0(𝜆, ∆𝑡). When the sample was unpumped, the probe beam intensity and the reference beam 
intensity were recorded as 𝐼𝐴(𝜆, ∆𝑡) and 𝐼𝐵(𝜆, ∆𝑡), respectively. Additionally, signal intensities 
were recorded when the probe and reference beam was blocked as 𝐼𝑁1(𝜆) and 𝐼𝑁2(𝜆) , 
respectively, and substrated as the ambient noise. The measurements with different delay times 
between the pump and probe beam were achieved by moving the optical delay stage (~ 2 ns) in 
the pump beam path. The wavelength and delay time dependant differential absorbance 
𝐴𝑏𝑠(𝜆, ∆𝑡) could then be expressed as Equation 2.9.166 
𝐴𝑏𝑠(𝜆, ∆𝑡) = 𝑙𝑜𝑔 (
𝐼0(𝜆, ∆𝑡) − 𝐼𝑁2(𝜆)
𝐼(𝜆, ∆𝑡) − 𝐼𝑁1(𝜆)
∙
𝐼𝐵(𝜆, ∆𝑡) − 𝐼𝑁2(𝜆)
𝐼𝐴(𝜆, ∆𝑡) − 𝐼𝑁1(𝜆)
)                           (2.9) 
To obtain a TA dataset, the sample was measured for at least eight scans (one scan refers to the 
measurement from ~ – 50 ps to ~ 2 ns). The obtained dataset was a 2D matrix with one dimension 
of time and one dimension of wavelength. The investigation of the temporal evolution at chosen 
wavelengths 𝛥𝐴𝑏𝑠𝜆(𝑡) delivered the kinetic information of the excited charges. The inspection 
of 𝛥𝐴𝑏𝑠𝑡(𝜆) revealed the spectral information at chosen delay times. For the main investigation 
target in this thesis, the kinetic information of NRs at a given wavelength was fitted by applying 
a sum of exponential functions in Equation 2.10: 
𝛥𝐴𝑏𝑠𝜆(∆𝑡) = ∑ 𝐴𝑓𝑖𝑒
−∆𝑡
𝜏𝑓𝑖
𝑖 + ∑ 𝐴𝑖𝑒
−∆𝑡
𝜏𝑖𝑖 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                   (2.10)  
𝐴𝑓𝑖 and 𝜏𝑓𝑖 refer to the amplitude and time constant of signal formation processes. 𝐴𝑖 and 𝜏𝑖 refer 
to the amplitude and time constant of signal decay processes. For the research objects NRs in this 
thesis, the formation signals owned positive amplitudes indicating the electron population on the 
CB while the decay signals exhibited negative amplitudes referring to the electron depopulation 
on the CB. The instrument response function (IRF) was negligible because during the data 
analysis, the first 100 fs data was not regarded due to the coherent artefact signals as a result 
when two short pulses interact in a medium with polarizability.167 The pulse duration was 
determined to be 81 fs by cross-correlation measurement of the pump and probe. Global analysis 
FROM THE INSIDE OUT 
26 
 
methods were introduced to give a better quantitative description of the obtained 2D time-
resolved datasets. The global analysis in this thesis was always applied at the ground state bleach 
of the associated material, centered at the minimum signal wavelength with  5 nm range using 
Equation 2.8 but sharing the time constants (𝜏𝑓𝑖 , 𝜏𝑖 ) when global fitting. After obtaining the 
kinetic profile defined time constant (𝜏𝑓𝑖 , 𝜏𝑖), the amplitudes of each time constant were plotted 
with the errors against the wavelength, namely the decay associated spectrum (DAS). The 
absorption spectra were taken before and after TA measurement to make sure there was no 
degrading during the measurement. 
2.2.5 Time-resolved emission spectroscopy 
Time-resolved emission spectroscopy probes the emissive states of the research object. In this 
thesis, the emission decay profiles were measured using a Hamamatsu streak scope C4334 
(Hamamatsu Photonics, Japan) in photon counting mode. The time window was 20 or 50 ns. As 
shown in Figure 2.9, the sample was held in a 1 cm cuvette with OD ≈ 0.3 at 400 nm and excited 
with a frequency-doubled output of a Ti:Sapphire laser (Tsunami, Newport Corporation, the USA) 
at around 380 nm at a repetition rate of 400 kHz after passing a pulse selector (model 3980, 
Newport Corporation, the USA). The emissions from the sample were detected by a Chromex 
250IS 3 imaging spectrograph (Chromex is now part of Bruker Optik GmbH, Germany). Data 
were processed with the HPDTA software delivered with the system to get the two-dimensional 
(time and wavelength) emission decay profiles.168 Then, the spectrally integrated single kinetic 
profile was fitted either mono- or bi-exponential decay with the program DecayFit.169 The IRF 
of this system was determined by a piece of glass. 
 
Figure 2.9. The illustration of the time-resolved emission spectroscopy setup. The detector, spectrograph 
and streak camera were included in the “Detector” in the illustration. 
The working principle of the streak camera detector was illustrated in Figure 2.10. The light being 
measured went through a slit and was formed by the lens into a slit image on the photocathode 
of the streak tube. The incident light on the photocathode is converted into a number of electrons 
proportional to the intensity of the light. The electrons then went through a pair of accelerating 
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electrodes, where they were accelerated and bombarded against a phosphor screen. High voltage 
was applied to the sweep electrodes at a timing synchronized to the incident light. The electrons 
were swept from top to bottom at this stage. During the high-speed sweep, the electrons, which 
arrived at slightly different times, were deflected in slightly different angles in the vertical 
direction and then entered the micro-channel plate. After the electrons passed the micro-channel 
plate, they were multiplied thousands of times. They arrived at the phosphor screen finally and 
were converted again into light. On the phosphor screen, the phosphor image corresponding to 
the optical pulse which was the earliest to arrive was placed in the most upper position, the rest 
were placed in the order of the arriving time. The vertical direction on the phosphor screen served 
as the time axis. The brightness of the phosphor images was proportional to the intensity of the 
respective incident optical pulses. The position in the horizontal direction of the phosphor image 
corresponded to the horizontal location of the incident light. In this way, the streak camera could 
be used to concert changes in the temporal and spatial light intensity of the light being measured 
into an image showing the brightness distribution on the phosphor screen.  
 













3 CdSe/CdS dot-in-rod and inside-out NRs 
 
Figure 3.1. Illustration of the dot-in-rod and inside-out NRs with their possible mechanisms of hole removal. 
The CdSe/CdS dot-in-rod NRs has been successfully synthesized by the “seeded-growth” method since 
the reports in 2007.134, 139 The dot-in-rod NRs can be quasi-Type II aligned with core size less than 
2.8 nm115 and have naturally separated electrons and holes across the heterostructure interface, 
prolonging their intrinsic lifetime of charge separation state by reducing radiative recombination rate.24 
For typical quasi-type II aligned dot-in-rod NRs, upon light excitation, the generated electron will move 
to the conduction band shared by both CdSe core and CdS rod where the electron wave function spreads 
along the rod while the hole will be localized on the valences band of the CdSe core. With an external 
electron donor, the hole will be able to be removed to prevent the NRs from being oxidized in order to 
reduce the photooxidation of these NRs. However, as the holes are confined deeply in the core part, the 
nature and location of the holes in the dot-in-rod NRs build up limitations for the holes to be removed 
easily by external electron donors in the colloidal solution. In previous reported work, the dot-in-rod 
CdSe/CdS NRs were etched to expose the CdSe component to the surface to investigate the hole transfer 
rate, and the results showed that the rate was increased 3-fold upon etching.170 Alternative morphologies 
were also introduced to expose hole trapping domains to the environment where the holes could be 
potentially removed by the electron donors.147 So, in addition to the “seeded growth” of the dot-in-rod 
NRs, the high energy tip surfaces of wurtzite NRs can be readily modified with another material to 
produce various nanobarbell structures. In 2006, Bawendi and co-workers synthesized type II 
CdSe/CdTe nanobarbells by growing CdTe dots at the tips of pre-formed CdSe NRs.171 Later, Zamkov 
and co-workers applied similar procedures and prepared type II CdS/ZnSe nanobarbells.172 Unlike the 
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dot-in-rod NRs, in these nanobarbells NRs, both hole trapping and electron trapping domains are 
exposed to the surrounding medium, which may facilitate the extraction of both electrons and holes. 
In this respect, in cooperation with Prof. Lilac Amirav, Technion, Haifa, we started to explore a new 
type of structure, which can be regarded as, compared to the CdSe/CdS dot-in-rod NRs as an inverted 
structure, which meant that the CdS were used as the core and CdSe were introduced as the shell. In the 
Amirav group a series of structures with a novel CdSe/CdS inverted structure (CdS rod as the core, 
CdSe as the shell, namely the inside-out NRs) was synthesized.173 In this chapter, the optical properties 
and the charge carrier dynamics of the inside-out NRs will be investigated along with their counterparts, 
the dot-in-rod NRs. The steady-state measurements will be introduced first to investigate the ground 
state electronic structure of the inside-out NRs, followed by the time-resolved measurements which will 
investigate the recombination dynamics of the excited inside-out structures. 
3.1 Characterization of the inside-out structure 
4  
5 Figure 3.2. The (A) EDS and (B) TEM images of the inside-out NRs. The elements of S and Se was marked 
as fake colors, respectively magenta and cyan in the EDS image. (Images were taken by our cooperation 
partners in Israel and displayed here with their permission.) 
Due to the inverted nature compared to the CdSe/CdS dot-in-rod NRs, these novel NRs was named as 
the CdSe/CdS inside-out NRs in this chapter. (In this chapter, the materials were always CdSe and CdS, 
so only “dot-in-rod NRs” and “inside-out NRs” were used for short.) The aim of this novel inside-out 
NRs was to lead holes to be localized on the outer CdSe surface of the rods in order for the holes to be 
removed easier than the dot-in-rod NRs where holes would be localized in the core part of the rods after 
light excitation. In this chapter, basic optical properties in comparison to the dot-in-rod NRs were 
studied applying steady-state absorption and photoluminescence spectroscopy. And transient 
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absorption spectroscopy was introduced to investigate the exciton dynamics of the inside-out NRs. The 
inside-out NRs were characterized by TEM and energy dispersive spectroscopy (EDS), as shown in 
Figure 3.2. The length of this inside-out NRs was 58.4 nm, provided by our partners. And the diameter 
was about 5.5  0.5 nm in the middle part of the rods but slightly bigger at two ends as 7.3  0.8 nm. 
(The width was determined by us using software ImageJ v1.52a.) 
The EDS analysis revealed the distribution of CdS and CdSe in the structures, as shown in Figure 3.2. 
The part of the element S was mainly in the center of the rod indicating that CdS part was in the center 
of this structure while the element Se was distributed mainly on the two ends and the outside surface of 
the rod indicating CdSe part was concentrated at two ends formatting bulbs and also covered outside 
the CdS part as thin shell. This would result in a large size distribution of CdSe composite in this novel 
inside-out NRs. And this would be discussed in the next section. 
3.2 Steady-state measurements and discussion 
3.1.1 Steady-state absorption measurements and discussion 
 
Figure 3.3. The absorption spectra of the dot-in-rod and inside-out NRs in toluene normalized as 1 at 
4.13 eV (300 nm). Inset was the CdSe part of both NRs. 
To explore the electronic structure of a novel nanostructure, steady-state UV/Vis absorption 
would always be the first option. By comparing with the state-of-the-art dot-in-rod NRs, the 
general behaviors of this novel inside-out NRs could be obtained. In Figure 3.3, the normalized 
absorption spectra of the dot-in-rod and inside-out NRs were displayed. The inside-out NRs 
showed an absorption feature at similar position as the dot-in-rod NRs at 2.69 eV (460 nm), 
which could be related to the CdS first excitonic absorption peak stemming from the CdS rod 
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shaped part of the structures. However, unlike the small peak at around 2.21 eV (565 nm) related 
to the first excitonic absorption peak of the CdSe core in the dot-in-rod NRs, the absorption of 
the CdSe shell in the inside-out NRs tailed from around 2.58 eV (480 nm) to 1.77 eV (700 nm). 
And the long tail feature compared to dot-in-rod NRs was consistent with reported results when 
CdS quantum dots and CdS NRs were coated with CdSe shell.91, 174 No defined peak as for the 
dot-in-rod NRs for the CdSe core was presented in the inside-out NRs reflecting the less defined 
structure of the CdSe shell with a large size distribution of shell thicknesses or particle sizes. 
 
Figure 3.4. The absorption spectra of the (A) dot-in-rod and (B) inside-out NRs in toluene with their 1st 
and 2nd derivatives. The absorption spectra were normalized as 1 at 4.13 eV (300 nm). The 1st and 2nd 
derivatives were normalized as 1 at the peak around 2.65 eV for better illustration. 
In order to obtain a possible correlation with the exciton energy levels of the dot-in-rod and 
inside-out NRs and their absorption spectra, each absorption spectrum was fitted with a sum of 
Gaussian peaks, with each peak corresponding to the absorption of a particular exciton level. The 
spectral position of the maxima of the Gaussian curve was extracted from the 1st and 2nd  
derivatives of the corresponding absorption spectrum, as shown in Figure 3.4. The normalized 
absorption spectrum of the dot-in-rod NRs was displayed in Figure 3.4A, together with its 1st and 
2nd derivatives. For individual peak, as the small peak at around 2.20 eV, which corresponded as 
the first excitonic absorption peak of the CdSe core, the position where the 1st derivative is zero 
and the 2nd derivative is below zero meant the local maximum, also can be called as a peak, is 
here. For stacked multiple peaks, as the absorption spectrum from 2.50 eV to 4.13 eV, the curve 
was always increasing, meant that there would be no zero points in the 1st derivative but only 
local minimum. Then the peak position was determined by where the 2nd derivative was zero 
while changing from negative to positive. With the help of these peak position values as the initial 
fitting parameters, the multiple Gaussian peaks fit then could be performed. (An additional peak 
6 was introduced to complete the fit of the whole spectra in displayed scale.) With the knowledge 
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above, the initial fitting parameters were also determined from the absorption spectrum of the 
inside-out NRs with its 1st and 2nd derivatives in Figure 3.4B. 
The results of this fitting procedure, including the experimental absorption spectra of both NRs 
and the absorption spectra of the samples reconstructed from a sum of multiple Gaussian peaks 
as named the cumulative curve, were shown in Figure 3.5. The absorption spectrum showed no 
peaks before 2.00 eV for the dot-in-rod NRs, so the fitting range of the dot-in-rod NRs was 
determined from 2.00 eV to 4.13 eV. The absorption spectrum of the inside-out NRs showed 
tailing to 1.50 eV, so the fitting range of the inside-out NRs was from 1.50 eV to 4.13 eV. 
Together with the detailed fitting parameters in Table A1 (in the Appendix at the end of this 
thesis), both fits showed adjusted R-square larger than 0.9999. (There should be a peak at around 
2.47 eV, which refers to the slightly bigger part of the interface between the core and the shell in 
the dot-in-rod NRs.145 This peak makes little sense in this comparison method and is negligible 
in this chapter.) The CdSe part showed its 1S transition in Figure 3.5C and 3.5D at 2.22 eV and 
2.10 eV as peak 1 for the dot-in-rod and inside-out NRs, respectively. The red shift of the 
absorption band of CdSe 1S transition in the inside-out NRs compared to the same transition 
related absorption band in the dot-in-rod NRs reflected a decrease in the quantum confinement 
energy due to a larger CdSe volume or less defined structure compared to the CdSe core in the 
dot-in-rod NRs. However, due to the potential large distribution of CdSe part in the inside-out 
NRs, the corresponding absorption peak at 2.10 eV, unlike the one in the dot-in-rod NRs, could 
not be nicely described by only one Gaussian peak. Although the first exitonic absorption peak 
of CdSe appears at 2.20 eV and 2.10 eV respectively for the dot-in-rod and inside-out NRs were 
nicely assigned, the other exitonic levels of CdSe would also make contributions at higher energy 
scale. For the dot-in-rod NRs, the contribution of CdSe in absorbance above 2.50 eV was less 
than 1% and it was negligible.175 But for the inside-out NRs, the contribution of CdSe shell in 
absorbance above 2.50 eV was much larger due to large volume of CdSe, so the contribution of 
CdSe above 2.50 eV is not negligible in this case. The peak 2 to 6 in Figure 3.5A reflected the 
different exciton levels (2.67 eV, 2.84 eV, 3.17 eV, 3.57 eV and 4.46 eV) of the CdS part in the 
dot-in-rod NRs145 while the peak 2 to 6 in Figure 3.5B did not reflect the exciton levels of either 
only CdS or only CdSe but reflected the combination of different exciton levels (2.61 eV, 2.76 eV, 
2.80 eV, 3.48 eV, 4.92 eV) contributed by both CdSe part and CdS part in the inside-out NRs 
because of the contribution of CdSe part in higher energy range in much more pronounced 
comparing to the dot-in-rod NRs.  




Figure 3.5. The multi-Gaussian peaks fit of the absorption spectra of (A) the dot-in-rod and (B) inside-
out NRs in toluene normalized as 1 at 4.13 eV (300 nm) including details on the CdSe part absorption 
peak fit of (C) the dot-in-rod and (D) inside-out NRs. 
3.1.2 Steady-state emission measurements and discussion 
From the lowest excitonic state photoluminescence was observed. Excited at 400 nm, the inside-
out NRs showed an emission peak at around 1.91 eV (650 nm) related to the band gap emission 
of CdSe, comparing to the dot-in-rod NRs where the band gap emission peak showed at 2.18 eV 
(570 nm), as shown in Figure 3.6. This agreed with the first excitonic absorption peak position 
of CdSe part in the absorption spectra. This also agreed with the results from multi-Gaussian 
peaks fit of the absorption spectra, the Gaussian peak referred to the first excitonic absorption 
peak of CdSe part in the inside-out structure was red shifted to around 2.10 eV compared to the 
CdSe part at 2.22 eV in the dot-in-rod structure. The emission peak of the inside-out NRs was 
closer to the bulk band gap of CdSe 1.74 eV indicating a larger CdSe volume in the inside-out 
NRs176 which agreed with the confinement argument in section above.  




Figure 3.6. The absorption and emission spectra of the (A) dot-in-rod and (B) inside-out NRs in toluene 
with an excitation wavelength of 400 nm. The sharp peak marked with an asterisk referred to the Raman 
band of toluene. 
 
Figure 3.7. The multi-Gaussian peaks fit of the emission spectra of (A) the dot-in-rod and (B) inside-out 
NRs in toluene. Emission spectra were normalized as 1 at emission intensity maximum. 
The line width of these emission peaks was determined by the width of half-maximum which 
was 0.14 eV for the inside-out NRs and 0.11 eV for the dot-in-rod NRs. Apparently, the dot-in-
rod NRs had a narrower size distribution of CdSe part resulting in a narrower emission peak. To 
further probe this, similar multi-Gaussian peaks fit was introduced here on the emission spectra 
of both NRs in Figure 3.7 and associated fitting parameters were displayed in Table A2 in the 
Appendix. Only three Gaussian peaks were needed for the emission spectrum of the dot-in-rod 
NRs to reach the adjusted R-square 0.9998 and also three Gaussian peaks were needed for the 
emission spectrum of the inside-out NRs to reach 0.9989. 
In order to understand the emission features of the dot-in-rod and inside-out NRs, a short 
background should be introduced. The surface states of CdSe/CdS nanocrystals could be 
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classified into two species. One is hole strap states caused by the unpassivated Se and S site or 
surface ligands.177-181 The another is the shallow electron trap states associated with the surface 
Cd ions or surface ligands.182-184 Base on the reported assignments of different peaks185, 186, the 
blue peak (2.17 eV) in Figure 3.7A could be referred to the intrinsic emission of the dot-in-rod 
NRs and the green peak (2.12 eV) could be explained by the shallow electron trap related 
emission, as shown in Figure 3.7A. (The word “shallow” and “deep” in this thesis referred to the 
energetic position to the band edge. Typically, carriers in the traps with shallow potential 
(potential depths ∼25 meV) can delocalize again at room temperature and contribute to the band-
edge PL, while the carriers trapped in deep potentials hardly delocalize.186 These traps further 
refer to the radiative and non-radiative recombination processes, respectively. Worth mentioning, 
both of shallow and deep trap could be existed at the same time, which means that even 
observable trap state related emission peak could be seen in the spectrum, the deep trap could 
still exist. It was the same the other way around, if related emission peak were not presented, 
either deep trap or perfect surface passivation could happen. But since there was nearly no way 
to perfectly passivate semiconductor nanocrystals, the deep trap resulting in non-radiative 
recombination process would always be a more reasonable explanation in this case.) There was 
a broad weak red peak at lower energy range referring to the shallow hole trap related emission 
because the Se site on the CdSe core was probably not 100% passivated with CdS shell in the 
dot-in-rod NRs due to stacking faults.187 And the hole trap state on the CdS shell was 
unobservable here because they were not deep enough to compete with the hole localization 
processed. (Similar peak assignments could also be applied on the CdSe quantum dots which was 
used as the core. Data were not shown here.)  
When looking at Figure 3.7B, the blue peak (2.09 eV) referred to the intrinsic emission of the 
CdSe part in the inside-out NRs which was broad and weak due to large size distribution of the 
CdSe part while the green peak (1.93 eV) and red peak (1.91 eV) referred to the shallow electron 
trap related emission and shallow hole trap related emission, respectively. The shallow hole trap 
related emission (red peaks) showed very distinguished intensity and width indicating the surface 
states strongly influenced these emission properties which meant the hole trap was more 
pronounced in the inside-out NRs. This could be explained by using CdSe material as shell 
resulting in large amount of exposed Se sites. As mentioned above, in the dot-in-rod NRs, the 
hole trap state in CdS shell was not deep enough to have strong influence on the emission 
properties comparing to the inside-out NRs. 
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Figure 3.8. The proposed energy band diagrams of (A) the dot-in-rod and (B) inside-out NRs. The color 
of the recombination processes refer to the assignment of different Gaussian peak deconstructed from the 
emission peak. 
The electron shallow trap related emission in both structures (the green peaks) shared almost the 
same width 0.13 eV and 0.14 eV, respectively, and nearly identical intensity indicating electron 
trap states were comparable between the inside-out NRs and dot-in-rod NRs. This could be 
explained by the passivation of TOPO which attached on the Cd site with similar coverage ratio 
on both NRs. The intrinsic emission peak (blue in Figure 3.7B) in the inside-out NRs was much 
broader than that in the dot-in-rod NRs (blue in Figure 3.7A). This would be another strong 
indication of the larger size distribution of CdSe part in the inside-out structure. Based on the 
discussion above, the proposed energy diagrams of both NRs were displayed in Figure 3.8. 
The absolute PLQY of the in dot-in-rod NRs and inside-out NRs were calculated as 0.60  0.02 
and 0.02  0.02, respectively. This could be also explained by the more pronounced surface 
defects in the shell of the inside-out NRs due to surface states resulting in non-radiative 
recombination process. The Stokes shift (determined by the difference between the first exitonic 
absorption peak of CdSe part and intrinsic emission peak in both nanostructures188) was 0.09 eV 
for the inside-out NRs and 0.04 eV for the dot-in-rod NRs due to energy loss through electron 
vibrational relaxation.  
3.2 Transient absorption measurements and discussion 
3.2.1 Transient absorption measurements of the dot-in-rod NRs and discussion 
The ultrafast electron behaviors were investigated by ultrafast transient absorption spectroscopy. 
Before the data interpretation and discussion of the inside-out NRs, the behaviors of the dot-in-
rod NRs should be introduced. The power density of the pump pulse at the sample position was 
adjusted to 0.1 W cm-2, low enough to ensure measurements in the 1-exciton-per-nanorod and 
below regime.33 The TA spectra and kinetic information of the dot-in-rod NRs were displayed in 
Figure 3.9. The ground state bleach of the CdS part (B1) centered at 458 nm (2.71 eV) 
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corresponded to the first excitonic absorption peak of CdS at 2.67 eV and the ground state bleach 
of the CdSe part (B2) centered at 556 nm (2.23 eV) related to the first excitonic absorption peak 
of CdSe at 2.22 eV and also the emission peak of the dot-in-rod NRs.24, 92 The kinetic information 
of B1 (single kinetic at 458 nm) and B2 (single kinetic at 556 nm) are displayed in Figure 3.9B 
and both kinetics showed signal formation and decay section, and could be described using 
Equation 2.8 introduced in chapter 2.  
 
Figure 3.9. (A) The TA spectra of the dot-in-rod NRs in toluene excited at 390 nm probed with white 
light together with the absorption and emission spectra (excited at 400 nm) of the dot-in-rod NRs and (B) 
the single kinetics of CdS and CdSe normalized to -1 at the kinetical minimum, 458 nm and 556 nm, 
respectively. 
Detailed information on the time components could be obtained by single kinetic and global fit 
which were also introduced in chapter 2. The time components displayed in this chapter were all 
obtained from global fit if not otherwise indicated. The kinetic of B1 showed one fast signal 
formation time component around 0.2 ps referred to cooling, the second time component was a 
fast decay component around 1.3 ps indicated an electron depopulation process on the CdS CB 
associated with the electron movement from the CB of CdS to the CB of CdSe.92 The third and 
fourth time components were part of the decay signal related to the recombination processes and 
were around 52 ps and 683 ps, respectively. The end of this kinetic was not decayed to zero at 
the end of the measurement indicating there were still further processes (like slow recombination 
processes) at the end of the 1700 ps delay time. The kinetic of B2 also showed a fast signal 
formation time component around 0.6 ps referred to the cooling of the hot electron. Unlike the 
second time component in the B1 kinetic, the second time component in the B2 kinetic was in 
the signal formation and around 2.1 ps. This indicated an electron population process on the CB 
of CdSe which could be explained by the same process of electron movement on CB appeared in 
the B1 kinetic. Furthermore, this process could be explained by the Coulombic interaction 
introduced by hole localization at the CdSe core. The third and fourth time components were both 
part of the decay signal associated with recombination processes. And these recombination 
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processes were not finished at the end of the delay time since the signals were not decayed to 0 
at the end of the delay time. This could be quantified by the single kinetics of the B1 and B2 in 
Figure 3.9B, the ∆𝐴𝑏𝑠𝑛𝑜𝑟𝑚 value at the end of delay time was around -0.4 due to more slow 
recombination processes. Details on the global fit and DAS could be found in Figure 3.10 and 
Table 3.1. 
 
Figure 3.10. The global fit of the kinetics in the dot-in-rod NRs, (A)10 nm scale centered at CdS bleach 
signal minimum 458 nm and (C) 10 nm scale centered at CdSe bleach signal minimum 556 nm. The 
DAS of global fit of (B) CdS and (D) CdSe parts, respectively. 
Table 3.1. Fitting parameters of the TA kinetics of the dot-in-rod NRs (global fit of 10 nm scale centered 
at each bleach signal minimum and single kinetic fit displayed in Figure 3.9B). * The offset and amplitudes 
with associated errors of the global fit were displayed in DAS in Figure 3.10. 
 Global fit* Single kinetic fit 
 CdS CdSe CdS CdSe 
Adj. R-Square 0.981 0.988 0.980 0.989 
y0 – – -0.40  0.02 -0.41  0.01 
f1 (ps) 0.2  0.1 0.6  0.1 0.2  0.1 0.5  0.1 
f1 – – 2.57  0.42 0.81  0.12 
f2 (ps) – 2.1  0.5 – 1.8  0.7 
f2 – – – 0.24  0.14 
1 (ps) 1.3  0.1 – 1.3  0.3 – 
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 – – -0.25  0.04 – 
2 (ps) 52  3 50  1.3 58  11 41  3 
 – – -0.14  0.02 -0.31  0.01 
3 (ps) 683  32 683  35 731  125 611  79 
 – – -0.32  0.01 -0.28  0.01 
     
3.2.2 Transient absorption measurements of the inside-out NRs and discussion 
 
Figure 3.11. (A) The TA spectral of the inside-out NRs in toluene excited at 390 nm probed with white 
light together with the absorption and emission spectra (excited at 400 nm) of the inside-out NRs and (B) 
the kinetics of CdS and CdSe bands normalized to -1 at the kinetical minimum, 470 nm and 620 nm, 
respectively. 
With above mentioned data interpretation of the dot-in-rod NRs, the details of electron motion in 
the inside-out NRs could be compared. The optical density of the sample for this measurement 
was 0.26 at 400 nm. The transient absorption spectra at different delay times were showed in 
Figure 3.11A. Upon 390 nm excitation, a strong instantaneous bleach (B1) for the levels 
associated with the CdS part was observed centered at around 470 nm (2.64 eV), followed  by a 
much slower build-up of a bleach (B2) centered at around 620 nm (2.00 eV) due to carrier 
relaxation into the CdSe part. These features were also in agreement with the shift in steady-state 
absorption measurements. As also mentioned in the discussion of steady-state results, the inside-
out NRs had both large size distribution of CdS and CdSe resulted in much wider ground state 
bleach of B1 and B2 compared to the ground state bleach in the dot-in-rod NRs. The B2 minimum 
clearly red shifted from 1 ps to 1500 ps which could be due to the non-radiative energy loss 
caused by trap state, unlike the dot-in-rod NRs where the CdSe core was passivated with CdS 
shell strongly reduced the trap state. 
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The kinetics at different band were extracted by a single kinetic at the signal minimum of each 
bleach and a global fit of 10 nm scale centered at the bleach signal minimum, the single kinetic 
was displayed in Figure 3.11B, both kinetics followed the same basic shape, which was a fast 
signal formation and an incomplete signal decay ended up with -0.2 and -0.4 in ∆𝐴𝑏𝑠𝑛𝑜𝑟𝑚 for 
B1 and B2, respectively. And the data discussed next were obtained by global fit. The B1 kinetic 
could be nicely described by four exponential decay model, one time component in signal 
formation and three time components in signal decay. The f  in formation signal around 0.2 ps 
referred to the cooling of “hot electron” to the band edge. This agreed with the cooling process 
in the dot-in-rod NRs. The second component 1 was in signal decay and was ~1.0 ps in global 
fit which could be assigned to the depopulation of electron on the conduction band of CdS. This 
could be assigned to the electron movement to the lower conduction band of CdSe or shallow 
electron trap state. In this inside-out NRs, the electron movement first to the lower conduction 
band of CdSe then to the electron trap state was an appropriate explanation. This assignment was 
done based on the following reasons. Firstly, shallow states could be caused by several reasons, 
the impurities, surface defects and so on.189 The surface coverage of nanostructures by TOPO 
ligands (the same ligand used in this chapter) was only 30-50% as introduced in chapter 1. There 
was still high chance for surface site to be exposed without passivation. Secondly, for core/shell 
structures, the shell would have much more pronounced surface states than the core. Third, both 
processes had the time constant falling in a similar time range in ps scale.190 The competing 
between electron localization on the conduction band of the CdSe and the electron trap state 
showed different results in both structures. In the dot-in-rod NRs, the electron localization on the 
conduction band of the CdSe dominated due to stronger influence of the hole localization at the 
CdSe while in the inside-out NRs, the electron trap state was in domination because of the lack 
of hole localization in the inside-out NRs which would be discussed in the next content. Fourth, 
the interpretation of the multi-Gaussian peaks fit in emission spectra also confirmed the presence 
of this surface state. To finish the data interpretation of the CdS part, the third and fourth 
components (referring to 2 and 3) were in signal decay and ~49 ps and ~659 ps in global fit, 
referring to the recombination processes.  
For the CdSe part, the kinetic could only be nicely described with three time components but not 
with four. Due to the large size distribution of CdSe in the inside-out structure, the global fit of 
10 nm scale centered at 620 nm would describe the exciton behaviors more appropriately by 
reflecting average time components contributed by different sizes of CdSe parts. By the global 
fit of the CdSe band, the first time component in signal formation was ~0.4 ps referring to the 
cooling process to the band edge of CdSe. There was no second time component (referring to 1) 
at picosecond scale, which could be assigned with the above-mentioned electron trap states. This 
could be explained by more surface defects at the CdSe shell resulting in “deep” traps which 
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would decrease the recombination rate then resulting in a longer time component. This time 
component would merge into the longer recombination processes. Due to the deep trap of the 
hole in consist with the steady-state emission discussion, the hole localization process at the CdSe 
VB due to Coulombic force interaction was not pronounced in the inside-out structure. Compared 
to argument of no hole localization process in this inside-out NRs, another explanation would be 
more accurate. Although there was no evidence of hole localization related electron movement 
from the CB of the CdS to the CB of the CdSe, the hole localization could still happen at the 
CdSe. However, the deep hole trap on the CdSe shell was so pronounced that the Coulombic 
interaction between the hole and electron was negligible, so there was no pronounced electron 
population on the CB of CdSe shell resulting in no second signal formation time component f2 
in the kinetic compared to the dot-in-rod NRs. The third and fourth time components (referring 
to 2 and 3) were ~68 ps and ~1194 ps assigning with recombination processes. All these 
arguments were summarized in the illustration of the carrier dynamics in the inside-out NRs in 
Figure 3.12. 
CdS (B1) and CdSe (B2) kinetics showed four and three time components, respectively. However, 
unlike the dot-in-rod NRs where the first decay time component in CdS and the second formation 
time component in CdSe agree with each other in the same picosecond time scale with opposite 
amplitudes referring to the hole localization process, both kinetics in inside-out NRs showed no 
evidence of hole localization process in this structure but hole localization at CdSe could still 
exist. The related time components were listed in Table 3.2 and detailed global fit results together 
with DAS were displayed in Figure 3.13. 
 
Figure 3.12. The illustration of the carrier dynamics in the inside-out NRs upon excitation. The CdSe and 
CdS parts of the inside-out NRs were both excited upon 390 nm excitation. The formation signal time 
component (f) and decay time components (2 and 3) were clearly assigned with colling of hot electron 
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to the band edge and the recombination processes. The decay time component (1) in the CdS core was 
fitted in the time range of picosecond scale referring to the competing process between shallow surface 
states and electron migration to the CB of the CdSe shell. The time component (1) in the CdSe shell was 
missing due to more pronounced surface defects resulting in deep surface states which further resulting in 
competing process on the CB of the CdSe shell between electron depopulation due to deep surface states 
and electron population due to electron migration from the CB of the CdS core to the CB of the CdSe shell. 
So, it was hard to identify the hole localization process (f2) from TA results in the inside-out NRs. 
Table 3.2. Fitting parameters for the TA kinetics of the inside-out NRs (global fit of 10 nm scale centered 
at each bleach signal minimum and single kinetic fit displayed in Figure 3.11B). *The offset and amplitudes 
with associated errors of global fit were displayed in DAS in Figure 3.13. 
 Global fit* Single kinetic fit 
 CdS CdSe CdS CdSe 
Adj. R-Square 0.997 0.992 0.998 0.994 
y0 – – -0.19  0.01 -0.32  0.04 
f (ps) 0.2  0.1 0.4  0.1 0.2  0.1 0.4  0.1 
f – – 1.58  0.32 0.80  0.06 
1 (ps) 1.0  0.1 – 2.7  0.5 – 
 – – -0.12  0.01 – 
2 (ps) 49  1 53  1.4 57  4 68  5 
 – – -0.30  0.01 -0.27  0.01 
3 (ps) 659  15 813  34 712  57 1194  250 
 – – -0.42  0.01 -0.40  0.03 




Figure 3.13. The global fit of the first measurement on the inside-out NRs (A)10 nm scale centered at 
CdS bleach signal minimum 470 nm and (C) 10 nm scale centered at CdSe bleach signal minimum 
620 nm. The DAS of global fit of (B) CdS and (D) CdSe parts, respectively. 
3.3.3 Further measurements on the inside-out NRs and discussion 
Differences of the sample signal in the repeat measurement of TA caught our attentions. Repeat 
measurements were performed on the inside-out NRs for additional two times, the second time 
was two months after the first measurement and the third time was four months after the first 
measurement. The TA spectra of these inside-out NRs measurements were shown in Figure 3.14, 
respectively. The shape of the spectra was almost identical for each time measurement on the 
first glance. However, from the first time to the third time measurement, the signal intensity at 
470 nm referring to CdS part was decreasing from – 40 to – 7 mOD, despite for each 
measurement the laser intensity and beam diameter were comparable and the optical density of 
samples were actually increasing, 0.26, 0.36 and 0.38, respectively, indicating the sample was 
degrading during this four months storage time although the normalized absorption spectra of the 
showed no differences in Figure 3.15A. Also, the bleaches of both the CdS and CdSe were 
narrower in the second measurement and the narrowest in the third measurement, which could 
be explained by smaller size distribution due to degrading. Notably, the ratio of the intensity at 
CdS and CdSe bleach signal minimum also changed for each measurement. The ratio of the 
intensity at CdS and CdSe bleaches was ~ 3.5 at 10 ps and ~ 2.0 at 1500 ps for the first 
measurement. The ratio of the bleaches was reduced to ~ 2.3 at 10 ps and ~ 1.4 at 1500 ps for the 
second measurement. The ratio then was further reduced to ~ 1.5 at 10 ps and ~1.0 at 1500 ps. 
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So, the ratio decreased both at early time (10 ps) and late time (1500 ps) further indicating that 
the material itself was changing during the storage time. 
 
Figure 3.14. The TA spectral of the inside-out NRs of each TA measurement, (A) the first time, (B) the 
second time and (C) the third time, excitation wavelength was 390 nm with white light probed, the 
solvent was toluene. 
To clarify the influence of laser during the measurements on the sample signal, the single scans 
of the second time measurement were also plotted in Figure 3.15B. No evidence of degrading 
during different scans was found. The slight decrease in signal intensity was more likely due to 
the instability of the laser. If there was no degrading during the measurement, the signal drop 
between each measurement was more likely due to degrading while the sample was in storage 
which is a known drawback of most reported inverted structures where both domains were 
exposed to the surrounding medium then introduced instability of these inverted structures. 
 
Figure 3.15. (A) The absorption spectra of the samples for transient absorption measurements in toluene, 
normalized as 1 at 4.13 eV (300 nm). (B) The kinetics of the inside-out NRs at 470 nm from the single 
scans of the second measurement, excitation wavelength was 390 nm and solvent was toluene. 




Figure 3.16. The single kinetics of all three times measurements, (A) single kinetics at 470 nm for CdS 
and (B) single kinetics at 620 nm for CdSe part. The excitation wavelength was 390 nm and solvent was 
toluene. 
Not only the spectral shape in the TA changed, but also the dynamics altered during the different 
measurements. All the single kinetics referring to CdS part of different measurements were 
plotted in Figure 3.16A only for illustration. The time components were fitted by a four-
exponential global fit of both CdS part (in 10 nm range cantered at 470 nm) and CdSe part (10 nm 
range centered at 620 nm) to give reasonable comparison. Detailed parameters from global fit 
were displayed in Table 3.3 and Figure A1 and A2 in the Appendix. For CdS part, the kinetics of 
the 1st and 2nd time measurements were nearly identical, the time components of signal formation 
were all in 0.2 – 0.3 ps range but only a slightly accelerated decay signal in the second 
measurement. However, the kinetic of the third measurement decayed much faster. The first 
decay components (1) were all calculated in the range of 1 – 5 ps range but for the third time the 
amplitude was much larger than the first and second measurements. This could be an indication 
that the surface states of CdS part was much more pronounced for the third time probably due to 
degrading of CdSe shell at the third time. The second and third decay time components (2 and 
3) were calculated as ~ 50 ps, and ~ 660 ps for the first measurement and ~ 65 ps and ~ 640 ps 
for the second measurement. These time components were quite comparable indicating the 
degrading of CdS was absent. They were reduced to ~ 15 ps and ~ 250 ps in the third 
measurements indicating the beginning of CdS degrading.  
Unlike the single kinetics of the CdS part, no obvious changes could be seen from the kinetics of 
the CdSe part in the logarithm scale. And, since global fitting would not give information on 
absolute amplitudes, the single kinetics were discussed first. The kinetics of the bleach signal 
minimum of the CdSe part in all the TA measurements were plotted and showed in Figure 3.16B. 
The related fitting parameters were displayed in Table 3.4. The signal kinetics were normalized 
to -1 at the signal minimum. The offset (y0) were all around 0.3 – 0.4 indicating further 
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recombination processes beyond the introduced delay stage. The time components corresponded 
to signal formation (f) were all around 0.4 ps referring to the cooling of the electron to the band 
edge. Same as discussed above, there was no 1 here. The decay time components 2 decreased 
from 68( 5) ps to 17( 4) ps from the first measurement to the third measurement with nearly 
identical absolute amplitudes from -0.27( 0.01) to -0.22( 0.02), while the decay time 
components 3 decreased from 1194( 250) ps to 305( 44) ps with nearly unchanged absolute 
amplitudes from -0.41( 0.03) to -0.35( 0.02). This was the case that only time components 
become faster, but the associated amplitudes stayed the same. So, no obvious changes could be 
seen from the kinetics of the CdSe part in the logarithm scale. These decreasing time components 
with nearly identical amplitude strongly indicated that the same recombination processes were of 
faster recombination rate. Combining the increasing offset at the end of the kinetics (y0), this 
could be explained by more pronounced electron trap state generation from the degradation. With 
the results from single kinetics fit, more reliable time components could be obtained from the 
global fit results. The signal formation time components of all measurements were all ~ 0.4 ps 
referring to cooling. The two decay time components were calculated as ~ 53 ps and ~ 813 ps for 
the first measurement and ~ 32 ps and ~ 461 ps for the second measurement, indicating sample 
degrading. They were further reduced to ~ 14 ps and ~ 273 ps in the third measurements. These 
results indicated the degrading of CdSe part started before the degrading of CdS part.  The kinetic 
change in CdS kinetics was probably due to slower degrading of the CdS part in the first two 
months of storage but a much faster degrading in the following two months of storage. And the 
kinetic change in CdSe kinetics indicated that the CdSe part was already degrading during the 
first two months in storage and then further degraded in the next two months storage time. 
Table 3.3. The detailed fit parameters of the global fit for kinetic traces of different measurements on the 
inside-out NRs at different times. The global fit and DAS of the first measurement was displayed in Figure 
3.13. The global fit and DAS of the second and third time measurements were displayed in Figure A1 and 
A2. 
 CdS CdSe 
 1st Meas. 2nd Meas. 3rd Meas. 1st Meas. 2nd Meas. 3rd Meas. 
Adj. R-
Square 
0.998 0.991 0.992 0.984 0.984 0.945 
f (ps) 0.2  0.1 0.3  0.1 0.2  0.1 0.4  0.1 0.3  0.1 0.4  0.2 
1 (ps) 1.0  0.1 4.2  0.4 0.9  0.1 – – – 
2 (ps) 49  1 66  3 15  1 53  1 32  1 14  1 
3 (ps) 659  15 637  49 253  6 813  34 461  15 273  12 
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Table 3.4. The detailed fit parameters of the single kinetics fit of the CdSe part at the bleach signal 
minimum on the inside-out NRs at different times. 
 1st Meas. 2nd Meas. 3rd Meas. 
Adj. R-Square 0.993 0.980 0.950 
y0 -0.32  0.04 -0.37  0.02 -0.46  0.01 
f (ps) 0.4  0.1 0.4  0.1 0.4  0.1 
f 0.82  0.06 0.91  0.09 1.27  0.19 
1 (ps) – – – 
 – – – 
2 (ps) 68  5 39  5 17  4 
 -0.27  0.01 -0.25  0.02 -0.22  0.02 
3 (ps) 1194  250 579  91 305  44 
 -0.41  0.03 -0.39  0.02 -0.35  0.02 
 
All these evidences led us to a hypothesis that the CdSe shell already degraded between the 1st 
measurement and the 2nd measurement because of the difference between kinetics at CdSe part 
between the first time and the second time measurements. Also, the CdS rods beneath the CdSe 
shell degraded between the 2nd measurement and the 3rd measurement because the dramatic 
difference between kinetics at CdS part from the second time and the third time measurements. 
These results illustrate that although steady-state absorption showed no severe changes in the 
electronic structure, charge dynamics could already be sensitively impacted by aging of the 
sample. To reveal the atomistic source of this effect, a systematic investigation of the morphology 
of sample degrading is needed.  
3.3 Conclusion 
In this chapter, using the dot-in-rod NRs as a reference, the ground state electronic structure and excited 
charge carrier dynamics of the inside-out NRs were investigated. The steady-state absorption 
spectroscopy was introduced to investigate the size distribution of the CdSe part in the dot-in-rod and 
inside-out NRs. The size distribution of CdSe part in the inside-out NRs was larger than that in the dot-
in-rod NRs. This was further confirmed by the steady-state emission spectroscopy and TA spectroscopy. 
The steady-state emission spectroscopy revealed the surface states of both the dot-in-rod and inside-out 
NRs indicating more and/or deep surface states on the CdSe shell of the inside-out NRs. Then surface 
states together with charge recombination processes were probed by transient absorption spectroscopy. 
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The hole localization driven electron localization feature was not observable on the kinetics at both CdS 
and CdSe part, and this could be related with the surface state of the inside-out NRs. The surface state 
could turn from “shallow” to “deep” state if the surface defects reached a certain threshold, although 
this threshold was still unknow and more related work need to be done. The degradation of the inside-
out NRs was observed and in consist with reported similar structures. The degradation should be 
followed systemically with PL spectroscopy. In this way, the surface states changes might be revealed. 
On the other hand, the band alignment of this inside-out NRs was not very clear and should be probed 
with further investigation. This could be done by investigating the kinetic of CdS part using transient 
absorption measurements where only the CdSe part is pumped. This novel inside-out NRs still faced 
drawbacks of its instability according to the results from multiple measurements in transient absorption 
spectroscopy. The next step would be to optimize the size, aspect ratio or even the composition of this 
nanostructure to stabilize its long-term behaviors.  
  








4 The phase transfer of the dot-in-rod NRs 
 
Figure 4.1. Chemical structures of the ligands used in this chapter. While NRs capped with trioctylphosphine 
oxide (TOPO) were only dispersible in non-polar organic solvents, 11-mercaptoundecanoic acid (MUA), 
dihydrolipoic acid (DHLA), dihydrolipoic acid poly(ethylene glycol) ester (DHLA-PEG), poly(ethylene glycol) 
2-mercaptoethyl methyl ether (HS-PEG-OCH3), or hyperbranched poly(ethylene imine) (PEI) capped NRs 
could be dispersed in water. 
As introduced in chapter 1, the CdSe/CdS dot-in-rod NRs have shown great potential as photosensitizers 
in artificial water splitting.24 (NRs in this chapter always refer to the CdSe/CdS dot-in-rod NRs.) After 
synthesis using the state-of-the-art “seeded growth” approach, the NRs are natively capped with TOPO 
ligands.134, 139 TOPO-NRs are soluble in non-polar solvents such as toluene, chloroform, and hexane, 
but insoluble in polar solvents such as water and MeOH. However, for practical applications such as 
sensitizers in the light driven HER, NRs need to be dispersed as colloid suspension in water. To achieve 
this, the ligand exchange from native TOPO ligands to hydrophilic ligands is crucial.191 
Hydrophilic ligands can be classified by their anchoring group and the hydrophilic segment.192 
Mercaptoalkanoic acids (MAA) are common choices when exchanging ligands, such as the monothiol 
11-mercaptoun-decanoic acid (MUA), the dithiol dihydrolipoic acid (DHLA), and the amino acid 
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cysteine193 These ligands are attached to the NRs surface by their thiol group(s). The negatively charged 
carboxylate group stabilizes the dispersed NRs in water at neutral and basic pH values. However, MAA-
NRs would face problems of bad colloidal stability at low pH, due to the protonation of the carboxylate 
group.78, 191 Thus, MAA-NRs are only suitable for photocatalytic systems working at pH > 6 as has been 
shown for the NRs tipped with platinum or nickel particles.76, 77, 194-196 However, in some photocatalytic 
systems, catalysts require acidic conditions for the best performance for the photocatalytic HER, such 
as [FeFe]-H2ase mimics197-199 or certain metal dichalcogenide nanoparticles200. For applications in acidic 
conditions, the hydrophilic segment need to be replaced from a carboxyl group to a moiety that mediates 
the NRs with good colloidal stability at acidic pH or over a wide pH range. A promising candidate 
towards this direction is a poly(ethylene glycol) (PEG) chain which has already been shown to greatly 
improve the water dispersibility of CdSe quantum dots (QDs) irrespective of pH values.192, 201-203 A 
slightly different approach was to coat the NRs with hydrophilic polymers such as poly(ethylene imine) 
(PEI), where the imines both act as the anchor group as well as the hydrophilic segment. PEI-coating 
has already been reported to stabilize the quantum dots80, 204-208 and NRs76, 209 at pH ≤ 7. 
Surface coating does not only allow the NRs with stability in suspensions of different pH values, but 
also impacts the electronic properties and basic exciton dynamics in NRs: The intrinsic surface defects 
such as unpassivated metal ions, which may act as trap sites for electrons, can be passivated by electron-
donating ligands such as TOPO.210 The thiolate anchor groups can act similarly as electron trap 
passivation, but they also introduce trapping sites for holes. Experimentally, this could be observed as 
a decrease in the emission intensity in the case for the NRs, as hole localization to surface trap sites 
efficiently competes with the hole localization to the CdSe core92. Theoretically, this effect could also 
impact the activity of catalytically active systems, where trapping of charge carriers compete with 
charge separation with subsequent electron transfer to a catalyst and hole localization to the CdSe core. 
For example, gold-decorated PEI-NRs exhibits one (for CdS NRs) to two (for CdSe/CdS NRs) orders 
of magnitude higher photon to hydrogen conversion efficiency than MAA-NRs.76 
In this chapter, a study on the influence of different ligands (Figure 4.1) on the optical properties and 
exciton dynamics of CdSe/CdS NRs was reported. The ligands reported can be classified by their anchor 
groups, namely mono-thiols (MUA, HS-PEG-OCH3), di-thiols (DHLA, DHLA-PEG), and imines (PEI), 
as well as their hydrophilic segment, namely carboxylate (MUA, DHLA), a PEG chain (HS-PEG-OCH3, 
DHLA-PEG), and imines (PEI). The ligand exchange protocols were already introduced in chapter 2. 
But to give a short message here, the ligand exchange of MUA, HS-PEG-OCH3, and DHLA were 
carried out in MeOH solution with approximate pH 11. The ligand exchange of DHLA-PEG were 
performed in neutral MeOH solution at 50 °C  for at least 4 hours due to the possible hydrolysis of the 
–COOR group in basic condition. And PEI was coated on the NRs in CHCl3 followed by precipitation 
with cyclohexane. Results obtained with these surface ligands were compared to the benchmark system 
TOPO-NRs in toluene. The NRs with different surface ligands were investigated by steady-state and 
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time-resolved absorption and photoluminescence spectroscopy to obtain information on the electronic 
properties and exciton dynamics in these NRs together with their pH stabilities. All data in this chapter 
were based on the analysis of two batches of NRs obtained from two individual synthesis, namely NRs 
#1 and NRs #2, but the displayed figures were always based on the NRs #2 if not otherwise indicated. 
4.1 Characterization of NRs 
4.1.1 The determination of size distribution of TOPO-NRs 
The NRs we investigated in this chapter were two batches of NRs obtained from two individual 
synthesis with the same synthesis protocol, as mentioned above namely NR #1 and NR #2. The 
dimension and size distribution information of NRs was obtained from both batches. The 
dimension of NRs was characterized using ImageJ version 1.52a on the TEM images of the 
TOPO-NRs. In Figure 4.2, two batches of TOPO-NRs were determined with a length of 
30.2 ± 2.3 nm and 29.3 ± 2.7 nm, respectively, and a diameter of 4.6 ± 0.5 nm and 4.3 ± 0.5 nm, 
respectively. 
 
Figure 4.2. The TEM images of two batches of NRs (A) NRs #1 and (D) NRs #2, the length distribution 
of (B) NRs #1 and (E) NRs #2 and the diameter distribution of (C) NRs #1 and (F) NRs #2. The red line 
in (A) and (D) indicate the NRs which were chosen as the measuring target of the length of NRs. 
4.1.2 Infrared spectroscopy investigation on NRs and discussion 
The ligand exchange was monitored by FTIR spectroscopy using ATR mode. For each ligand 
exchanged NRs, the IR spectra of the relative pure ligand was also recorded as the reference. 
Detailed information on IR spectra of the pure ligands and ligand capped NRs were listed in 
Table 4.1 – 4.6 and related IR spectra were displayed in Figure 4.3 – 4.8. There were some 
characteristic peak feature worth mentioning indicating the replacement of the surface ligands. 
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For example, in Table 4.1 and Figure 4.3, the P=O stretch red shifted from 1143 cm-1 in pure 
TOPO to 1092 cm-1 in TOPO-NRs indicating the attachment of TOPO ligand on NRs.211 In Table 
4.2 and Figure 4.4, the disappearance of -SH stretch in the MUA-NRs compared to the peak at 
2553 cm-1 in pure MUA and the missing P=O stretch at 1190 cm-1 compared to the TOPO-NRs 
indicated the successful ligand replacement from TOPO-NRs to MUA-NRs. The same feature 
could also be seen from Table 4.3 - 4.5, that the ligand exchange of HS-PEG-OCH3, DHLA and 
DHLA-PEG were also proven to be successful with the disappeared P=O stretch and –HS stretch. 
In Table 4.6, the disappearance of P=O stretch at 1092 cm-1 and the appearance of asymmetric 
and symmetric stretch of –NH2 at 3350 – 3272 cm-1 indicated the successful ligand exchange of 
PEI although the general shape of the PEI and PEI-NRs stayed basically the same due to the tiny 
amount of bonding site in the PEI-NRs. The successful ligand exchange could be confirmed by 
the comparison among FTIR spectrum of NRs with different ligands. All IR spectra displayed in 
Figure 4.3 – 4.8 were normalized to [0, 1] for better illustration and the comparison in this section 
was only qualitatively. 
  




Figure 4.3. The IR spectra of TOPO and TOPO-NRs normalized as 0 to 1. 
Table 4.1. IR-frequencies of TOPO and TOPO-NRs. All bands have been assigned according to 
reference212 if not noted otherwise. 
wavenumber / cm-1 assigned vibration 
TOPO TOPO-NRs  
2950 2956 –CH3 asymmetric stretching vibrations  
2924 2917 –CH2 asymmetric stretching vibrations  
2869 2870 –CH3 symmetric stretching vibrations  
2848 2852 –CH2 symmetric stretching vibrations  
1471 1466 –CH2 scissor  
1464 1464 –CH3 asymmetric bend  
1456 1455 P–CH2 asymmetric deformation 
1377 1379 –CH3 symmetric bend  
1258 1258 P–CH2 symmetric deformation 
1260 1260 –CH2 rock  
1143 1092 P=O stretch211 
1118 1119 –CH2 wag  
751 720 –(CH2)n– (n > 4) in phase rock  
694 692 P–C stretch 
 
  




Figure 4.4. The IR spectra of MUA and MUA-NRs normalized as 0 to 1. 
Table 4.2. IR-frequencies on MUA and MUA-NRs. All bands have been assigned according to reference212. 
(–) indicates the absence of a vibration. 
wavenumber / cm-1 assigned vibration 
MUA MUA-NRs  
2916-2848 2924-2853 –CH2 asymmetric and symmetric stretching vibrations  
2551 – –SH stretching 
1679 1635 –COOH, C=O asymmetric stretch  
1454 1457 –CH2 scissor  
1410 1419 C–O–H in-plane bend 
1341-1210 1335-1198 C–O stretch 
1262 1263 –CH2 wag 
1122 1103 C–C skeletal stretch 
1107 1114 –CH2 rock 
1097 1102 C–O–C asymmetric stretch  
936 953 OH ··· O out-of-plane wag 
886 889 C–O–C symmetric stretch  
725 720 and 730 –(CH2)n– (n > 4) in phase rock  
665 673 C–S stretch 
 
  




Figure 4.5. The IR spectra of HS-PEG-OCH3 and HS-PEG-OCH3-NRs normalized as 0 to 1. 
Table 4.3. IR-frequencies on HS-PEG-OCH3 and HS-PEG-OCH3-NRs. All bands have been assigned 
according to reference212. (–) indicates the absence of a vibration. 
wavenumber / cm-1 assigned vibration 
HS-PEG-OCH3 HS-PEG-OCH3-NRs  
2940-2863 2918-2871 –CH2 asymmetric and symmetric stretching vibrations  
2551 – –SH stretching 
1453 1456 –CH2 scissor  
1440 1436 O–CH3 symmetrical deformation 
1470 1473 O–CH3 asymmetrical deformation 
1400 1419 C–O–H in-plane bend 
1350-1200 1349-1200 C–O stretch 
1248 1249 –CH2 wag 
1038 1043 –CH2 rock 
1094 1104 C–O–C asymmetric stretch  
848 850 C–O–C symmetric stretch  
742 720 –(CH2)n– (n > 4) in phase rock  
742 720 C–S stretch 
 
  




Figure 4.6. The IR spectra of DHLA and DHLA-NRs normalized as 0 to 1. 
Table 4.4. IR-frequencies of DHLA and DHLA-NRs. All bands have been assigned according to 
reference212 if not noted otherwise. (–) indicates the absence of a vibration. 
wavenumber / cm-1 assigned vibration 
DHLA DHLA-NRs  
2931-2858 2922-2852 –CH2 asymmetric and symmetric stretching vibrations  
2557 – –SH stretching 
1700 1650 –COOR, C = O asymmetric stretch  
1455 1455 –CH2 scissor 
1228 1258 –COOR, C–O stretch 
1253 1289 –CH2 rock 
1140 1123 –CH2 wag 
742 – –(CH2)n– (n > 4) in phase rock  
660 657 C–S stretch 
 
  




Figure 4.7. The IR spectra of DHLA-PEG and DHLA-PEG-NRs normalized as 0 to 1. 
Table 4.5. IR-frequencies of DHLA-PEG and DHLA-PEG-NRs. All bands have been assigned according 
to reference 212 if not noted otherwise. (–) indicates the absence of a vibration. 
wavenumber / cm-1 assigned vibration 
DHLA-PEG DHLA-PEG-NRs  
2933-2849 2953-2852 –CH2 asymmetric and symmetric stretching vibrations  
2553 – –SH stretching 
1732 1732 –COOR, C = O asymmetric stretch  
1455 1455 –CH2 scissor  
1248 1248 –COOR C–O stretch 
1260 1260 –CH2 rock  
1176 1170 –CH2 wag 
1097 1102 C–O–C asymmetric stretch  
886 889 C–O–C symmetric stretch  
725 720 –(CH2)n– (n > 4) in phase rock  
665 673 C–S stretch 
 
  




Figure 4.8. The IR spectra of PEI and PEI-NRs normalized as 0 to 1. 
Table 4.6. IR-frequencies on PEI and PEI-NRs. All bands have been assigned according to reference212. 
wavenumber / cm-1 assigned vibration 
PEI PEI-NRs  
3352-3272 3350-3272 –NH2 asymmetric and symmetric stretching vibrations  
2931-2807 2920-2826 –CH2 asymmetric and symmetric stretching vibrations  
1586 1566 –NH2 scissor  
amide II C–N–H bend 
1454 1461 –CH2 scissor  
1300 1293 amide III C–N–H bend 
1332 1345 –CH2 wag 
1274 1271 C–N–C2 stretch 
1043 1049 C–NH2 wag 
1104 1115 N–C3 stretching  
855 871 C–NH2 rock 
C–N–C symmetric stretching  
758 770 –CH2 rock 
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4.2 Steady-state measurements on the NRs and discussion 
First insight on the impact of the ligands on the optical and electronic properties of the NRs was 
investigated by steady-state UV/Vis absorption and emission spectroscopy. In Figure 4.9, spectra of 
NRs #2 from the same batch but with various surface ligands were shown. The absorption spectra 
showed the characteristic features for NRs with the lowest energy excitonic transition of the CdS shell 
at around 2.67 eV and of the CdSe core at around 2.22 eV. Subtle differences between the exact 
positions of the excitonic peaks between the NRs with varying surface ligands were listed in Table 4.7. 
Notably, both CdS and CdSe absorption were blue shifted for PEI-NRs compared to TOPO-NRs, while 
the other ligands did not shift the absorption dramatically.  
Figure 4.9. Steady-state spectroscopy on NRs #2 capped with different ligands. TOPO-NRs were dispersed in 
toluene, while MUA-, HS-PEG-OCH3-, DHLA-, DHLA-PEG-, and PEI-NRs were dispersed in water. (A) 
Absorption spectra normalized to the lowest energy excitonic CdS absorption peak. The inset depicts the region 
of CdSe core absorption. (B) Emission spectra (λex = 450 nm, for PLQY measurements) whose integrals have 
been normalized to their respective emission quantum yield. The emission spectrum of DHLA-PEG-NRs and 
DHLA-NRs have been enlarged by a factor of 20 and 10, respectively, for better comparison. 
Table 4.7. Steady-state absorption and emission spectroscopy on NRs #2 with different surface ligands. Data for 
TOPO-NRs was recorded in toluene, while the other NRs were measured in pure water. Listed were the spectral 
position of the lowest energy excitonic CdS absorption peak Eabs,CdS, the CdSe seed absorption peak position 
Eabs,CdSe, the spectral position of the peak emission Seem, the absolute emission quantum yield Φem and the Stokes 
shift (Eabs,CdSe - Eem). Emission was recorded upon excitation at 400 nm and the absolute emission quantum yield 
was recorded upon excitation at 450 nm. 
Ligand Eabs,CdS / eV Eabs,CdSe / eV Eem / eV Φem (Eabs,CdSe - Eem) / meV 
TOPO 2.67 2.22 2.16 0.60 ± 0.02 60 
MUA 2.68 2.24 2.18 0.23 ± 0.05 60 
DHLA 2.67 2.24 2.17 0.02 ± 0.02 70 
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DHLA-PEG 2.67 2.24 2.13 0.01 ± 0.02 110 
HS-PEG-OCH3 2.67 2.24 2.17 0.18 ± 0.07 70 
PEI 2.70 2.25 2.19 0.88 ± 0.12 60 
 
 
Figure 4.10. Multi-Gaussian peaks fit of the absorption spectrum of TOPO-NRs. (A) Full wavelength range and 
(B) CdSe related wavelength range absorption spectra recorded in toluene fitted using seven Gaussians. All 
spectra were normalized to 1 at 4.13 eV (300 nm). The multi-Gaussian peaks fit of the absorption spectrum of 
NRs with other ligands are displayed in the Appendix Figure A3 – A7. 
To further quantify this observation, a multi-Gaussian peaks fit was applied to the absorption spectra. 
Seven Gaussians were needed to describe the absorption spectra’s shape adequately. The multi-
Gaussian peaks fit of TOPO-NRs is in Figure 4.10, and MUA-NRs, HS-PEG-OCH3-NRs, DHLA-NRs, 
DHLA-PEG-NRs and PEI-NRs are placed in the Appendix as Figure A3 to A7. The details of the fitting 
parameters are listed in Table A3 in the Appendix. The peak position was determined as Ec, while Ec,1 
referred to the first exitonic absorption peak of the CdSe core and Ec,2 referred to the absorption of the 
CdS shell directly surrounding the CdSe seed (referred to as “bulb” region.33 The steady-state absorption 
peak change on the bulb region would also reflect the influence of the surface ligands, so this peak was 
taken into consideration in this chapter). Ec,3 to Ec,4 corresponded to the CdS rod based 1Σ (1σe – 1σh) 
and 1Π (1πe – 1πh) exciton transitions while Ec,5 and Ec,6 referred to even higher energy levels of CdS 
and the Ec,7 corresponded to the absorption into the continuum. All absorption features associated with 
the first excitonic CdSe absorption (Ec,1) showed nearly exact peak position (also considering the fitting 
errors) compared to Ec,1 in TOPO-NRs except for PEI-NRs which showed 10 – 20 meV blue shift. This 
was a strong indication of etching the CdS shell introduced by PEI and consisted with the argument by 
Woo.213 Recent report proposed another explanation that amines not only passivated the surface atoms, 
but also shifted the energetic levels of both CB and VB.214 Both of these arguments would further be 
proven by the bulb absorption (Ec,2) and CdS absorption (Ec,3) in PEI-NRs are shifted towards higher 
energies by 20 – 30 meV compared to TOPO-NRs, whereas NRs with other ligands show no to less 
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shift (considering the fit errors). All absorption feature associated with the higher excitonic energy 
levels (Ec,4 and Ec,5) in PEI-NRs were also shifted towards higher energies by more than 30 meV while 
NRs with other ligands showed also blues shift but only smaller. Higher absorption contributions of the 
CdSe core part at higher energy range resulted in larger fit errors. So Ec,4 and Ec,5 would not be 
intensively discussed here. Due to a much larger error while fitting, the Ec,6 and Ec,7 were also not 
included in this discussion. 
 
Figure 4.11. Multi-Gaussian peaks fit of the emission spectra of (A) TOPO-NRs in toluene and (B) DHLA-
PEG-NRs in water excited at 400 nm and fitted using three Gaussians. The multi-Gaussian peaks fit of NRs 
with other ligands are displayed in the Appendix in Figure A8. 
Even more pronounced shifts in the peak positions could be observed in the emission spectra in Figure 
4.9B. For TOPO-NRs emission peaks at 2.16 eV and for both MUA-NRs and HS-PEG-OCH3-NRs, the 
spectral shape and peak position of emission remains largely unaffected. PEI-coating, on the other hand, 
blue shifted the emission peak by 30 meV to 2.19 eV, while DHLA-PEG-NRs exhibit a very 
pronounced red shift of the emission peak by c. 30 meV to 2.13 eV. To further quantify the changes in 
their emissive behavior, emission spectra of the NRs were reconstructed using three Gaussians which 
described the shape of the emission spectra quite well. Based on the peak assignment in the previous 
chapter, three Gaussian peaks could be assigned as hole trap related emission (red peak in Figure 4.11), 
electron trap related emission (green peak) and intrinsic band gap emission (blue peak). All these 
Gaussian peaks were also found in the CdSe seed used for the core in NRs. Spectra of TOPO-NRs and 
DHLA-PEG-NRs described by three Gaussians are displayed in Figure 4.11. Spectra of all NRs with 
different ligands described by three Gaussians are displayed in Figure A8 in the Appendix and related 
fitting parameters were listed in Table A4 in the Appendix. The key parameters in the multi-Gaussian 
peaks fit were the position and the integral area of the peaks. The position of the peaks referred to the 
energetic gap related to different emission processes. The integral area of the peaks referred to the 
emission intensity of different emission processes. The results are displayed in Figure 4.12. By looking 
at Figure 4.12A, the peak positions of Gaussian peaks showed less differences in the blue peak, only 
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PEI-NRs showed slightly higher peak position due to slightly higher instinct bandgap introduced by 
etching of NRs due to ligand exchange of PEI . While in the green peak and red peak comparison, PEI-
NRs still showed slightly higher peak position compared to NRs with other ligands, but DHLA-PEG-
NRs showed significant lower peak position in the green and red peak. The slightly higher peak position 
of PEI-NRs in red and green peak was probably still due to the higher energetic level introduced by 
etching of PEI and the lower peak position of DHLA-PEG-NRs was probably due to the deep traps 
resulting in lower energetic difference of emission processes. In Figure 4.12B, the intensity of the 
Gaussian peaks was compared. In the red peak comparison, TOPO-, MUA-, HS-PEG-OCH3-, and PEI-
NRs showed more or less same emission intensity while DHLA- and DHLA-PEG-NRs showed lower 
proportion. This could be explained by deep hole traps introduced by DHLA and DHLA-PEG favored 
the non-radiative recombination processes resulting in less radiative recombination processes. By 
looking at the green peaks, the DHLA-PEG-NRs showed significant larger proportion compared to 
others due to the surface defects introduced by DHLA-PEG ligands. The PEI-NRs showed smallest 
proportion in the green peak due to best surface passivation of PEI that reduced the influence of the 
electron trap state. By looking at the blue peak, the DHLA-PEG-NRs showed smallest proportion, and 
this is still related to the surface defects. More pronounced non-radiative recombination of hole traps 
and higher proportion of electron trap related emission together contributed to this result. While the 
TOPO-, MUA-, HS-PEG-OCH3-, and DHLA-NRs showed more or less the same proportions, the PEI-
NRs showed the highest proportion due to better surface passivation resulting in the highest proportion 
in the intrinsic bandgap emission.  
 
Figure 4.12. The (A) peak position and (B) integral area of the three Gaussian peaks introduced in the multi-
Gaussian peaks fit of the emission spectra of NRs with different ligands. 
After the above mentioned comparison, a few points were worth mentioning here. 
1) By looking at the intrinsic band gap emission (blue peak), the PEI-NRs was dominated in this 
competition among different recombination processes . This was a strong indication of more 
radiative recombination in PEI-NRs than the other NRs, because more intrinsic band gap 
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emission meant less surface defect. This would further explain the highest value of PEI-NRs in 
the absolute PLQY measurement. DHLA-PEG-NRs showed the smallest contribution of the 
intrinsic band gap emission indicating the surface defect on the DHLA-PEG-NRs was much 
more pronounced than the others. 
2) By looking at the electron trap related emission (green peak), only in DHLA-PEG-NRs, the 
electron trap emission was in domination in the competing processes completely. As mentioned 
above, the surface defect in DHLA-PEG-NRs was very pronounced resulting in deep traps 
favored the non-radiative recombination. While the influence of di-thiol ligands on electron 
trap related emission would be less pronounced due to the ligand bonding with Cd ion reducing 
the electron trap probability. This would further explain the red shifted peak position shift in 
DHLA-PEG-NRs compared to NRs with other ligands. The emission peak position of all NRs 
with different ligands was contributed by all these three Gaussian peaks related to different 
recombination processes. However, only in DHLA-PEG-NRs, the peak was mainly contributed 
by the electron trap related emission (green peak). 
3) For all NRs, the hole trap related emission (red peak) were almost identical (errors considered) 
in peak position except for the DHLA-NRs and DHLA-PEG-NRs with a decrease peak area 
and the DHLA-PEG with a much broader hole trap related emission. This was not necessarily 
due to hole trap recovery because emission spectroscopy only revealed radiative recombination 
processes. The hole trap could be deeper compared to the NRs with other ligands due to the 
removal of Cd ions by the strong anchor group of dithiols by the free ligands during ligand 
exchanging215, 216 and then resulted in more non-radiative recombination. This would also 
explain the very small PLQY (0.01 for DHLA-PEG-NRs and 0.02 for DHLA-NRs) of the NRs 
with these two ligands. 
4) When looking at PEI-NRs, even the experimental emission peak position of PEI-NRs showed 
obvious blue shift, the hole trap related emission peak position of PEI-NRs was in consist with 
the rest NRs indicating the CB and VB shift caused by PEI had much less pronounced influence 
on the relative energy gap between conduction band and hole trap state. 
The emission property of DHLA-PEG-NRs could be introduced by different ligand exchange protocol. 
For MUA-NRs, DHLA-NRs and HS-PEG-OCH3-NRs, the ligand exchange was conducted in a basic 
methanol environment. However, due to the hydrolysis of –COOR bond in DHLA-PEG ligand in basic 
environment the ligand exchange could only be performed in a neutral methanol environment with 
60 °C heating for overnight. This could introduce more surface defects. PEI-NRs showed no shift in 
hole trap related emission but obvious blue shift in electron trap related emission and intrinsic band gap 
emission indicating the energetic band shift (or etching) caused by PEI have bigger influence on the 
emission processes related to the shell. Other NRs capped with MUA, HS-PEG-OCH3, DHLA showed 
basically identical Gaussian peak positions compared to TOPO only with little difference in amplitudes 
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and peak areas. Also, the dramatic difference in PLQY of NRs with different ligands could be explained 
by surface defects. The PEI-NRs was passivated well with nearly Φem = 0.90 and TOPO-NRs also with 
30 – 50% coverage rate resulting in nearly Φem = 0.60. The MUA-NRs and HS-PEG-OCH3-NRs were 
capped with ligands through thiol groups which could passivate the electron traps but introduce hole 
traps resulting in around Φem = 0.20. In the end, the PLQY of DHLA-NRs and DHLA-PEG-NRs were 
with the lowest Φem = 0.01 – 0.02 due to the deep surface hole traps. 
4.3 pH stability of NRs and discussion 
The colloidal and pH stability are two crucial aspects when comes to practical application of the 
potential use of the NRs. Besides evaluating the properties in pure water, both absorption and emission 
spectra of NRs in aqueous solution under standard atmosphere at varying pH value were recorded. 
In phosphate-buffered saline (PBS) with a concentration of 50 mM, MUA-NRs showed very poor 
stability with nearly instant aggregation at pH 5, while in pH 7 buffer, slower aggregation occurs 
spanning a time range of several hours. In pH 9 buffer, the MUA-NRs were stable for days. To probe 
the impact of the buffer solution and its ionic strength on the NRs stability, the same experiment was 
conducted with HCl solution at pH 5. In stark contrast to previous literature reports, the MUA-NRs 
were stable without any aggregation at pH 5 HCl solution within a comparable time scale. However, a 
discoloration of the MUA-NRs in HCl solution was observed within days due to the reaction between 
CdS (or CdSe) and HCl. DHLA-NRs should have the similar pH stability due to the same hydrophilic 
group. 
Knowing the pH instability of MUA- and DHLA-NRs, for the rest NRs capped with different ligands, 
measurements were taken under pH 5 to 9 on the timescale of 1h, the results was clearly illustrated in 
time-lapse UV/Vis absorption spectra. The HS-PEG-OCH3-NRs showed quite impressive colloidal 
stability in pH 7 and pH 9 buffers in terms of nearly unchanged absorption and emission spectral shape. 
While in pH 5 buffer, even if the emission intensity and the absorbance of the HS-PEG-OCH3-NRs was 
dropping at the same time as measuring time went, the calculated relative PLQY of the HS-PEG-OCH3-
NRs stayed at around 0.15 for 1 hour. In the time-lapse absorption spectrum of HS-PEG-OCH3-NRs, 
as displayed in Figure 4.13(A – C), HS-PEG-OCH3-NRs showed decreased absorbance over time in 
pH 5 buffer, constant absorbance in pH 7 buffer and a decreased but scattered absorbance in pH 9 buffer. 
Worth mentioning here, the time-lapse absorption measurement was only a rough way to determine the 
scattering or aggregation process. Dynamic light scattering would be a more precise method to evaluate 
this process. 
Time-lapse emission spectroscopy was also introduced here to validate the colloidal stability of the NRs. 
In the time-lapse emission spectrum of HS-PEG-OCH3-NRs which is displayed in Figure 4.13(D – F), 
only in pH 5 buffer the emission intensity dropped over time while in pH 7 and pH 9 buffer the emission 
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intensity stayed constant in 60 min time scale. If compared to the emission intensity of HS-PEG-OCH3-
NRs in water, the emission intensity of HS-PEG-OCH3-NRs in pH 5 and pH 9 was dropped but in pH 7 
the emission intensity increased. (To really compare the emission intensity, PLQY need to be introduced. 
However, it would be difficult to calculate relative PLQY with scattering samples. In this chapter, 
because all samples showed tiny changes in absorption even when scattering, the emission intensity 
comparison was roughly carried out by comparing the maximum signal of each emission spectrum.) 
The properties of HS-PEG-OCH3 benefit NRs with high colloidal stability in wide pH range from pH 5 
to 9. 
 
Figure 4.13. The time-lapse absorption spectrum of HS-PEG-OCH3-NRs in different pH values in a time scale 
of 60min, (A) pH 5, (B) pH 7, (C) pH 9 and the time-lapse emission spectrum of HS-PEG-OCH3-NRs in the 
same conditions, (D) pH 5, (E) pH 7, (F) pH 9. Excitation wavelength was 400 nm. 
The DHLA-PEG capped NRs were found to be stable at all pH values investigated, at least to an extend 
that no severe aggregation and formation of precipitate can be observed by naked eye. In the time-lapse 
absorption spectra, displayed in Figure 4.14(A – C), an instant but constant scattering background was 
presented, which could indicate the formation of small clusters but still being stable in dispersion. This 
scattering effect was slightly developing during the measurement. In Figure 4.14(D – F), the colloidal 
stability of DHLA-PEG-NRs were good in terms of emission intensity change during 1h in pH 5 and 
pH 7 buffers but something different was found in pH 9 buffer, where the emission intensity was 
dropping even the absorbance was not change dramatically. 




Figure 4.14. The time-lapse absorption spectrum of DHLA-PEG-NRs in different pH values in a time scale of 
60min, (A) pH 5, (B) pH 7, (C) pH 9 and the time-lapse emission spectrum of DHLA-PEG-NRs in the same 
conditions, (D) pH 5, (E) pH 7, (F) pH 9. Excitation wavelength was 400 nm. 
The PEI-NRs in pH 5 and pH 7 buffers were cloudy as could be seen by eyes. In the time-lapse 
absorption spectrum as shown in Figure 4.15(A-B), the differences between PEI-NRs NRs in pH 5 and 
pH 7 buffers and in deionized water were obvious and they were introduced by the ligand PEI itself 
which had been tested with pure PEI in respective buffers (data were not shown). However, when came 
to time-lapse emission spectrum as shown in Figure 4.15(D – E), the emission peak was red shifted to 
2.18 eV (568 nm) when PEI-NRs NRs were added into the buffer. This could be explained by the 
removal of surface capped PEI ligands and the possible associated NRs aggregation. Because the PEI 
was found with a relatively high stability of the imine bond at pH 8, while fast cleavage occurred at 
pH 5 – 7. In pH 9 buffer, PEI-NRs NRs showed excellent colloidal stability in terms of nearly 
unchanged absorption spectrum in Figure 4.15C and emission intensity in Figure 4.15F. 




Figure 4.15. The time-lapse absorption spectrum of PEI-NRs in different pH values in a time scale of 60 min, 
(A) pH 5, (B) pH 7, (C) pH 9 and the time-lapse emission spectrum of PEI-NRs in the same conditions, (D) 
pH 5, (E) pH 7, (F) pH 9. Excitation wavelength was 400 nm. 
MUA-NRs and DHLA-NRs were soluble in polar solvents like methanol and water.150 DHLA-PEG-
NRs151 and HS-PEG-OCH3-NRs were soluble in both non-polar and polar solvents due to the solubility 
of long PEG chain in both non- and polar solvents. The MUA-NRs showed excellent stabilities in pH 9 
buffer while in pH 7 buffer the MUA-NRs aggregate gradually in hours and in pH 5 buffer the 
aggregation happens instantly. This is used to be explained by the protonation of the MUA results in 
reduced surface charge and aggregation.78 However, our investigation with pH 5 HCl solution showed 
that the MUA-NRs were stable in pH 5 HCl solution for hours without any aggregation but followed 
by discoloration due to the reaction between CdS, CdSe and HCl. This led us to a result that the main 
reason for the aggregation in pH 5 buffer was not the protonation of the MUA but could be explained 
by the interaction between MUA and ions in the buffer system resulting in the lack of electric repulsing. 
The DHLA-PEG-NRs exhibited good pH stability in pH 5 to pH 9 buffer only with an absorption (to 
be more precise, the extinction) increasing (compared to water: 33.1% for pH 5, 39.6% for pH 7 and 
36.2% for pH 9) due to scattering effect. The absorbance appears to be increasing with time indicating 
the clusters are still forming even after the DHLA-PEG-NRs are added into the buffer for 1h. Time-
lapse emission spectroscopy shows that the DHLA-PEG-NRs exhibit lower emission intensity in pH 5 
and pH 9 buffer but relative similar emission intensity in pH 7 buffer compared to the emission intensity 
in water. DHLA-PEG-NRs in pH 9 in 1h showed largest emission intensity decrease at about 24% while 
in pH 5 7.9% and pH 7 12%. So, basically the DHLA-PEG-NRs are quite stable in pH 5 and pH 7 but 
less stable in pH 9 probably due to the basic hydrolysis of the -COOR bond in DHLA-PEG ligand. The 
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HS-PEG-OCH3-NRs showed excellent stability in pH 7 and pH 9 buffer in both time-lapse absorption 
and emission measurement, only in pH 5 buffer the absorbance and emission drop over time and it 
seemed to be a degrading over time. However, the relative QY calculation shows that the QY stays 
constantly at Φem 0.15. It was not surprising that the HS-PEG-OCH3-NRs are much more stable in pH 9 
buffer than DHLA-PEG-NRs due to the lack of –COOR group. The PEI-NRs are very interesting from 
the results. They show instability in pH 5 and pH 7 buffer with huge scattering in absorption and 
decrease with peak red shift in emission spectra. The absorption scattering came from the ligand which 
was confirmed by measuring the pure ligand and the emission red shift probably due to the removal of 
surface capped PEI ligands. The solubility of PEI-NRs was slightly different from its pure ligands. The 
pure PEI was soluble in most of the solvents except cyclohexane, it was soluble in non-polar solvents 
like chloroform and toluene and polar solvents like methanol and water. However, after precipitation 
from chloroform with cyclohexane, the PEI-NRs could no longer be dispersed in chloroform again due 
to the change of stabilization mechanism from steric stabilization to electrostatic stabilization.152 In 
pH 9 buffer, PEI-NRs showed excellent colloidal stability in terms of nearly unchanged absorption 
spectrum and emission intensity. Generally, depend on pH stability results, if application was in basic 
media, the MUA-NRs and PEI-NRs were the best choice and if application was in a larger pH range, 
the DHLA-PEG-NRs and HS-PEG-OCH3-NRs were better choices. 
4.4 Time-resolved investigation on NRs and discussion 
4.4.1 Time-resolved emission lifetime on NRs and discussion 
To gain some deeper understanding of the radiative recombination processes in NRs with 
different ligands, the time resolved PL lifetime measurement was introduced. The samples were 
prepared and measured in an inert atmosphere with optical density of around 0.3. The results of 
emission lifetime were plotted in Figure 4.16 and summarized in Table 4.8. The fitting processes 
were done by software Decayfit version 1.4. Also, the deconvolution of the traces was done by 
the same software to exclude the influence of IRF. The TOPO-NRs and MUA-NRs exhibited 
mono-exponential decay behavior with a decay lifetime of 20.6 ns and 24.8 ns, respectively. For 
the rest, DHLA-NRs, DHLA-PEG-NRs, HS-PEG-NRs, and PEI-NRs all exhibited bi-
exponential decay behavior. The fast decay lifetimes of these NRs were in sub-ns scale while the 
slow decay lifetimes were longest for PEI-NRs as 19.9 ns, shortest for DHLA-PEG-NRs as 6.2 ns. 
The DHLA-NRs and HS-PEG-NRs showed relative intermediate decay lifetime as 10.1 ns and 
16.9 ns. In the classification of different anchor groups, monothiols (MUA-NRs and HS-PEG-
NRs) showed rather long decay lifetime while di-thiols (DHLA-NRs and DHLA-PEG-NRs) 
showed rather short decay lifetime. In the classification of the hydrophilic segment, the 
carboxylates (MUA-NRs and DHLA-NRs) showed longer emission lifetime compared to their 
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PEG chain form (HS-PEG-NRs and DHLA-PEG-NRs). As a short conclusion here, additional 
thiol group in the anchor group accelerate the decay of emission lifetime while additional PEG 
chain has the same effect.  
 
Figure 4.16. The emission lifetime of NRs with different ligands. TOPO-NRs were measured in toluene 
and the rest were measured in water. The excitation wavelength was 400 nm. 
As the emission lifetime of TOPO-, MUA-, and PEI-NRs were all located in the range of 
20 – 25 ns, their absolute PLQY were of huge differences. The PLQY of TOPO-NRs was about 
0.60 and MUA-NRs was about 0.25 and PEI-NRs was nearly 0.90. This could be explained by 
better surface passivation of PEI. TOPO which passivated the Cd ion with 30 – 50% coverage 
rate, left Cd ion and Se site as electron trap and hole trap, respectively. The non-radiative 
recombination processes made TOPO-NRs only with 0.60 in PLQY. As for MUA-NRs, the thiol 
groups acted as electron trap passivator but at the same time introduced hole trap. So, MUA-NRs 
only resulted in 0.25 in PLQY. The same theory would also make sense on DHLA-NRs, where 
the DHLA introduced even deeper hole traps due to Cd2+ removal by strong dithiol anchor group 
(see section 4.2), which would result in a faster decay compared to MUA-NRs. The influence of 
PEG chain was still unclear at this stage, the emission lifetime was shorter compared to MUA-
NRs and it was clearly that the PEG chain did not introduce more hole trap because the PLQY of 
MUA-NRs and HS-PEG-OCH3-NRs were comparable. So, it might be explained by less electron 
trap passivation due to the large volume of PEG chain. As for DHLA-PEG-NRs, with above 
mentioned influence of dithiol group and PEG chain, the explanation would be much easier that 
both hole and electron trap were introduced resulting in the shortest emission lifetime. 
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Table 4.8. Fitting results of the emission lifetime of NRs with different surface ligands by Decayfit. 
Indicated are the fast decay lifetime 1, slow decay lifetime 2 and their amplitude A1 and A2, respectively. 
The sum of A1 and A2 is 1. * TOPO-NRs and MUA-NRs showed single exponential decay behavior, the 
decay lifetimes were assigned to slow decay lifetime as 2. 
Parameter TOPO-NR MUA-NR DHLA-NRs DHLA-PEG-NR PEI-NR HS-PEG-NR 
1 / ns —* —* 1.1 0.5 0.2 0.8 
A1 —* —* 0.54 0.70 0.37 0.35 
2 / ns 20.6 24.8 10.1 6.2 19.9 16.9 
A2 —* —* 0.46 0.30 0.63 0.65 
 
4.4.2 Transient absorption measurements on NRs and discussion 
While above results already painted a consistent picture of the photophysics of the NRs 
investigated. Transient absorption spectroscopy delivers information on the temporal evolution 
of electrons excited to the CdS and CdSe conduction bands.217 The sample was excited at 390 nm 
and probed with a white light continuum spanning from 2.33 – 3.54 eV (350 nm to 700 nm) up 
to a delay time of 1700 ps. It was worth to be mentioned here that at the power density used in 
the transient absorption experiments, excitation at upon 3.17 eV (390 nm) directly excited mainly 
CdS electrons to the CB, and also to a much smaller extent CdSe electrons to the CB via direct 
light absorption. Qualitatively, the transient spectra for all NRs presented similar features 
compared to TOPO-NRs (transient spectra of TOPO-NRs at different delay times were described 
as the dot-in-rod NRs in Figure 3.9A in previous chapter already): (1) Two bleaches appeared at 
460 nm (2.70 eV) referring to the CdS bleach and at 560 nm (2.21 eV) referring to the CdSe 
bleach. (2) A positive excited state absorption feature rise at 430 nm (2.90 eV). (3) Both bleach 
features did not fully decay until the end of the temporal detection window employed due to 
limited length of the mechanical delay stage (shown in Figure 3.9B). In the meanwhile, the 
changes at the position of bleach minimum were well in agreement with the peak shifts in both 
absorption and emission spectrum of the respective ligand capped NRs. 
A global fit of the TA data would deliver a quantitative data analysis on the electron kinetics of 
the NRs The DAS in this chapter only revealed in a relatively small wavelength range (10 nm 
range centered at the bleach signal minimum) but not full spectra range, because the time 
components needed for fitting were not the same at different bleaches. With the discussion on 
the time components assignment in the previous chapter on TOPO-NRs, the time components 
assignment in MUA-, HS-PEG-OCH3-, DHLA-, DHLA-PEG- and PEI-NRs would also be 
obtained. Global fit of TOPO-NRs and the DAS were displayed in Figure 4.17 and the fitting 
parameters were listed in Table 4.9. And NRs with different ligands together with DAS are 
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displayed in Figure A9 – A13 in the Appendix and fitting parameters are also displayed in Table 
4.9.  
 
Figure 4.17. The global fit of TOPO-NRs kinetics, (A)10 nm scale centered at CdS bleach signal 
minimum 458 nm and (C) 10 nm scale centered at CdSe bleach signal minimum 556 nm. The DAS of 
global fit of (B) CdS and (D) CdSe parts, respectively. The global fit of NRs with other ligands are 
displayed in the Appendix Figure A9 – A13. 
Table 4.9. Transient absorption spectroscopy on NRs with different surface ligands. Time constants were 
obtained by a global fit within the indicated wavelength range. For the CdS, wavelength centered at around 
455 nm. For the CdSe, wavelength centered at around 550 nm.  
Ligand range τf1 / ps τf2 / ps τ1 / ps τ2 / ps τ3 / ps 
TOPO 454 – 464 nm 0.1 ± 0.1 — 1.3 ± 0.1 52 ± 3 683 ± 32 
551 – 561 nm 0.6 ± 0.1 2.4 ± 0.5 — 49 ± 1 683 ± 35 
MUA 454 – 464 nm 0.1 ± 0.1 — 0.8 ± 0.2 75 ± 10 726 ± 60 
551 – 561 nm 0.3 ± 0.1 1.3 ± 0.2 — 63 ± 3 1104 ± 95 
HS-PEG-
OCH3 
455 – 465 nm 0.1 ± 0.1 — 0.4 ± 0.1 61 ± 4 851 ± 51 
555 – 565 nm 0.2 ± 0.1 0.9 ± 0.1 — 48 ± 2 773 ± 40 
DHLA 454 – 464 nm 0.1 ± 0.1 — 3.3 ± 0.2 95 ± 6 916 ± 72 
549 – 559 eV 0.4 ± 0.1 2.0 ± 0.4 — 77 ± 5 1055 ± 98 
DHLA-
PEG 
457 – 467 nm 0.1 ± 0.1 — 1.7 ± 0.1 88 ± 7 608 ± 58 
552 – 562 nm 0.3 ± 0.1 3.5 ± 1.4 — 61 ± 14 551 ± 79 
PEI 451 – 461 nm 0.1 ± 0.1 — 0.9 ± 0.1 30 ± 1 440 ± 16 
545 – 555 nm 0.9 ± 0.1 8.8 ± 1.4 — 47 ± 2 841 ± 57 
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There was only slight difference in the signal formation part in both CdS and CdSe part that the 
time component (τf1) of CdSe (0.2 – 0.9 ps) was longer than the formation time (τf1) of CdS 
(0.1 ps). But in the decay part of the CdS kinetics, comparable decay time component (τ1) in NRs 
capped with different ligands (1.0 ~ 3.0 ps) indicating electron localization process to the shared 
CB was comparable among these NRs with different ligands. The τ2 of TOPO-, MUA-, HS-PEG, 
DHLA-PEG-NRs were all in a time range of 30 – 100 ps while TOPO-NRs and PEI-NRs showed 
τ2 faster at 30 – 50 ps and DHLA-NRs and DHLA-PEG-NRs exhibited τ2 slower at ~ 90 ps. This 
could be explained by a better surface passivation of TOPO and PEI results in less surface defect 
favoring the recombination process while DHLA would introduce more surface defect. This 
would also explain the similar feature in τ3, that DHLA-NRs showed longer decay time 
component than the rest NRs. In the second part of signal formation in CdSe, the τf2 was in a 
range from 1 – 9 ps. This process referred to the hole localization driven electron localization to 
the CB of CdSe due to Coulombic interaction. The τf2 in TOPO-, MUA-, HS-PEG-OCH3-, 
DHLA- and DHLA-PEG-NRs were in faster range 1 – 3 ps while PEI-NRs were slower at ~ 9 ps 
due to the competing processes between surface defects and hole localization in CdSe. The more 
surface defects on the CdS part, the more pronounced trap of holes would be on the CdS part, 
therefore, the less population of electron localization driven by hole localization could be 
observed on the CdSe part resulting in shorter formation time component τf2. The illustration of 
the related processes was displayed in Figure 4.18. In the decay part of CdSe kinetics, influence 
of surface defect was not so pronounced in τ2 but more pronounced on the MUA-, HS-PEG-
OCH3-NRs that the τ3 exhibited much slower decay time (700 – 1000 ps) compared to TOPO-
NRs and PEI-NRs (400 – 600 ps).  
The decay associated spectra (DAS(n)) was also introduced here to reveal the spectral changes 
associated with different decay time constants n. All DAS showed similar shape with one 
positive band and three negative bands in the CdS part and two positive bands and two negative 
bands in the CdSe part with comparable amplitudes. The worth mentioning difference would be 
the DAS(1) (red line named A1 in Figure 4.17B and A9 – A13B) in CdS part showed a trend 
towards positive at the end of the fit range. This would explain by the localization of electrons to 
the CdS bulb region. Also, the first half of DAS(1) in CdS part of PEI-NRs (red line in Figure 
A13B in the Appendix) was almost double the amplitudes of the DAS(2) (blue line in A13B) 
and DAS(3) (magenta line in A13B) indicating that the depopulation of electron on the CdS CB 
to the CB of CdSe part due to hole localization was favored because of the better surface 
passivation of PEI. Meanwhile, the offset (y0) of both CdS and CdSe part of the DHLA-PEG-
NRs (green line in Figure A12B and A12D) were almost doubled compared to the DAS(2) (blue 
line in Figure A12B and A12D) and DAS(3) (magenta line in Figure A12B and A12D) while 
the rest showed comparable amplitude in the DAS of NRs with other ligands. This could be 
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explained by the more surface defects in the DHLA-PEG-NRs resulting in much longer 
recombination time compared to NRs with other ligands. 
 
 
Figure 4.18. The illustration of the influence of surface defects on the carrier dynamics. The solid arrows 
referred to the excitation and signal formation time components (τf1 and τf2) and the dashed arrows 
referred to the signal decay time components (τ1, τ2 and τ3). The assignment of the processes referring to 
the blue arrows were already discussed in reported literature.92 The key results in this thesis were the 
assignment of the influence of surface defects on the first decay time component of CdS (τ1) and the 
second formation time component of the CdSe (τf2) as red arrows. (The bigger arrow meant this process 
was favored under the certain condition). The hole localization driven electron localization on the CB of 
the CdSe core was favored with less surface hole traps. However, when the hole traps were more 
pronounced, the hole localization driven electron localization would undergo competing processes 
between trapped holes and localized holes at the CdSe core. Furthermore, the surface defects caused 
electron trap states would also competing with the hole localization driven electron localization. If the 
surface of the CdS rod was well passivated like PEI-NRs, the surface states of the CdS part would be 
only shallow states or nearly unity. Then the hole localization at the CdSe core was favored resulting in 
larger associated amplitudes compared to the NRs with other ligands. If the surface defects of the CdS 
rod were more pronounced, like the DHLA-PEG-NRs, the surface states of the CdS part would be more 
likely to be pronounced and dominate the competing processes of hole localization at the CdSe core and 
hole traps and electron traps at rod surface resulting in smaller amplitudes of (τ1) and a shorter time 
component (τf2). 
4.5 Conclusion 
In this chapter, we successfully synthesized and transferred CdSe/CdS dot-in-rod NRs into water using 
MUA, HS-PEG, DHLA, DHLA-PEG and PEI as surface ligands. The distribution of TOPO-NRs was 
determined by TEM and the ligands exchange was monitored by FTIR. The steady-state absorption 
revealed different energy levels in the NRs with different ligands. All energy levels related absorption 
peaks in NRs were comparable except for PEI-NRs showed blue shifted peaks indicating the energetic 
shift of bands in PEI-NRs. This was further confirmed by steady-state emission measurements that only 
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PEI-NRs showed blue shift in the electron trap state related emission and band gap emission but no 
obvious change in the hole trap state related emission. The emission red shift caused by DHLA-PEG 
was explained by different contribution of above-mentioned emission processes. Although emission 
lifetime were comparable in TOPO-, MUA-, PEI-NRs, the PLQY were differed dramatically due to the 
best surface passivation of PEI recovered the non-radiative recombination processes while TOPO could 
only passivate partial exposed site on the NRs surface. The emission lifetime of HS-PEG-OCH3-, 
DHLA-, DHLA-PEG-NRs was much faster compare to NRs with other ligands, this is explained by the 
surface defects introduced by PEG chain (less passivation due to large volume of PEG) and dithiol 
anchoring group (more exposed S sites on the rod surface due to stronger anchoring group compared to 
monothiol anchoring group). Transient absorption results showed that the electron dynamics were of 
little differences in all NRs in the employed time window with only minor difference in signal decay 
time components. The competing processes of the trap states and hole localization played an important 
role here resulting in different time components and associated amplitudes. The DHLA ligand 
introduced more surface defects resulted in longer recombination processes. And PEI ligand introduced 
better surface passivation resulted in longer hole localization time component and shorter recombination 
processes. The pH stability test revealed the instability of MUA-NRs and PEI-NRs in acidic buffer and 
the high stability of DHLA-PEG-NRs in acidic buffer and HS-PEG-OCH3-NRs in acidic, neutral, and 
basic buffers. 
There was no perfect one-for-all solution when choosing the surface ligands for practical applications, 
however, HS-PEG-NRs stand out due to high photoluminescence and excellent pH stability in a wide 
range of pH values (from pH 5 to 9). While PEI showed great potential in catalysis applications due to 
the best surface passivation resulting in faster electron transfer. 
  




5 The interaction between CdSe/CdS dot-in-rod NRs 
and dopamine / polydopamine 
 
Figure 5.1. Illustration of the possible interactions between a dot-in-rod NR and dopamine in the presence of and 
in the absence of O2. When oxygen is in the presence, the dopamine would be oxidized to quinone groups in 
basic condition. The quenching would be dominated by electron transfer from the NRs to quinone groups. When 
oxygen is in the absence, the dopamine is in the catechol form. The quenching would be dominated by hole 
transfer from the NRs to the catechol groups and based on the redox potential of free dopamine, this hole 
transfer is favored at higher pH value while the driving force of electron transfer is much less compared to the 
driving force of the hole transfer. The redox potential of dopamine in the catechol and quinone forms were 
calculated based on the reported results.218 
By far, the structure and surface ligands of CdSe/CdS dot-in-rod NRs were already discussed together 
with the related potential applications introduced in previous chapters. However, the problem of 
degradation caused by residuary photogenerated holes, which was a common problem for most 
photoactive materials, still limits the application of the NRs. The degradation gave a drawback to ensure 
long term stability for device application. By designing a system where photoactive rods are embedding 
into a compact, rigid, redox-active polydopamine matrix would give the possibility to prevent this kind 
of photoinduced degradation. The interaction between dopamine molecules and quantum dots were 
already investigated. CdSe quantum dots derivatives were introduced to detect dopamine already by the 
electrochemiluminescence219-223 and photo-luminescence224-226 And CdSe quantum dots derivatives 
were also used in pH sensing associated with dopamine ligands.218, 227, 228 Polydopamine is a typical 
redox-active polymer that can be easily coated on nearly any surface by dip-coating or electrochemical 
coating.229 The electrochemical coating was very suitable for coating on a conductive substrate (e.g., Si, 
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Au or ITO substrates), corresponding to thin films with high chemical, thermal stability and long 
lifetime.230, 231  
The polydopamine coating could be achieved in buffer system like Tris-buffer232 and PBS-buffer233 in 
alkaline pH in the presence of oxygen. The polymerization mechanism in alkaline pH involves slow 
oxidation of dopamine to dopamine quinone through a one step, two-electron redox reaction,234 which 
rapidly undergoes Michael-type intramolecular cycloaddition reaction forming leucodopaminechrome. 
Then, the oxidation of leucodopaminechrome and rearrangement results in the formation of 5,6-
dihydroxyindole and 5,6-indolequinone. These two molecules will undergo branching reactions at 
positions 2, 3, 4 and 7 resulting in different dimers or higher order oligomers, which will eventually 
forming thin polydopamine film coating on substrates or targets.235 
Polydopamine contains both catechol and quinone groups, which are in pH-dependent redox 
equilibrium with each other. When interacting with CdSe/CdS dot-in-rod NRs, quinone groups that 
dominate at basic pH values might act as electron acceptors and when interacting with the NRs with a 
catalytic center, the quinone groups might even intercept the electron transfer from the excited NRs to 
the catalytic reaction center, like a tunable switch to turn on and off the catalytic reaction by adjusting 
the pH values. Catechol groups which dominate at acidic pH values can act as hole quencher and remove 
the residuary photogenerated holes to protect the NRs from degrading. Therefore, the electron or hole 
transfer would result in emission quenching used for qualitative or quantitative investigation. By 
adjusting the pH, the domination of catechol groups or quinone groups could be tuned. These 
mechanisms need to be studied with the detailed spectroscopic investigation.  
Herein, this chapter studied the interactions between rods and polydopamine starting with the most 
basic system of these two species, water-soluble NRs and dopamine molecules which have the same 
groups transformation as the polydopamine under certain pH and oxygen conditions. Figure 5.1 shows 
the illustration of possible interactions between nanorod and dopamine. Both oxidized and reduced form 
of dopamine and the equilibrium in dependence on pH value were shown. In this chapter, NRs refered 
to the CdSe/CdS dot-in-rod NRs. 
5.1 The interaction between MUA-NRs with dopamine molecules 
Water-soluble NRs with 11-mercaptoundecanoic acid as surface ligands (MUA-NRs) were already 
obtained in previous chapters. Absorption and emission spectra of MUA-NRs were plotted in Figure 
5.2. (Please be aware that the MUA-NRs used in this chapter were not the same batch used in chapter 
4. The MUA-NRs used in this chapter were about 50 nm in length and 5 nm in width which might result 
in different optical properties, like absorption peak and emission peak positions.) In the absorption 
spectrum, the small peak around 555 nm was the first excitonic absorption peak of CdSe core, and the 
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peak around 455 nm was the first excitonic absorption peak of CdS shell. After excitation at 450 nm, 
the rods showed an emission peak around 570 nm. The quantum yield (QY) of this batch of MUA-NRs 
was 0.30 when the rods were freshly synthesized determined by an excitation wavelength of 450 nm. 
 
Figure 5.2. The absorption and emission spectrum of MUA-NRs in water. The excitation wavelength was 
450 nm. 
To understand the basic interaction between MUA-NRs and dopamine, a quenching experiment was 
carried out, where MUA-NRs were used as the emitter, and dopamine was used as the quencher. Since 
the key parameters of the equilibrium between catechol and quinone forms of dopamine were pH value 
and oxygen, the pH value and oxygen level should be carefully handled in the quenching experiments. 
Phosphate buffered saline (PBS) with 50 mM in concentration from pH 8 to pH 10 was introduced to 
maintain the pH values across each quenching experiment to investigate the influence of pH values in 
quenching experiments (the rods with MUA ligand showed poor colloidal stability in buffer lower than 
pH 8). PBS in the presence and absence of oxygen was also introduced to investigate the influence of 
oxygen on quenching experiments. The MUA-NRs emission spectrum was recorded in the presence 
and absence of dopamine in water with excitation wavelength at 450 nm. After recording the initial 
emission intensity of rods, different amounts of dopamine were added into the same cell which holds 
the MUA-NRs solution. After each time adding dopamine, the emission spectrum was recorded. An 
example of emission spectra in the quenching experiment in pH 9 in the absence of oxygen was shown 
in Figure 5.3. The emission intensity was decreasing as the concentration of dopamine increased. Worth 
mentioning here, the concentration of NRs was calculated here using a reported method to give a basic 
idea of the ratio between emitter and quencher.236 The relationship of the extinction coefficient of NRs 
at 350 nm is displayed here as Equation 5.1: 
𝜀 = 28326.9
𝐿
𝑚𝑜𝑙 ∙ 𝑐𝑚 ∙ 𝑛𝑚3
∙ 𝑉                                                         (5.1) 
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where 𝑉  was the total rod volume in nm which could be determined by TEM image. Then the 
concentration could be obtained by the Lambert-Beer's law. The concentration of NRs was calculated 
to be around 1.4  10-8 M. The concentration of dopamine was designed to be 0.2  10-8 M with each 
single titration step (also referred to each single trace in Figure 5.3). So, the ratio between quencher and 
emitter was 0, 0.14, 0.29, 0.43, 0.57, 0.71 when 0, 2, 4, 6, 8, 10 m dopamine was added in the 
experiment. But these numbers were only estimated numbers because each method reported calculating 
the extinction coefficient was an estimated method. The absorption peaks of dopamine were at 230 nm 
and 280 nm (not shown in the figure), so there was no overlap between the absorption spectrum of the 
quencher and the emission spectrum of the emitter. In this case, the electron transfer mechanism was a 
more reasonable explanation for quenching. 
 
Figure 5.3. The emission spectra of MUA-NRs in pH 9 PBS buffer in the absence of oxygen with different 
amounts of dopamine added. The quencher to emitter ratio was also displayed. The excitation wavelength was 
450 nm. 
The quenching efficiencies in different pH values, both in the presence and absence of oxygen, were 
shown in Figure 5.4. The quenching efficiency 𝐸𝑄 is determined by: 
𝐸𝑄 = 1 − (𝐼 𝐼0⁄ )                                                                 (5.2) 
where 𝐼0 and 𝐼 were the emission intensities determined by the integral of emission peak in the absence 
and presence of quencher, respectively. The emission intensity was determined as the integrated 
fluorescence intensity. Two basic conclusions could be drawn from Figure 5.4: 1) the quenching was 
more dramatic as the pH values increasing from 8 to 10. The quenching efficiency in pH 8 in the 
presence of oxygen was only 0.4 with 10 μM dopamine (Figure 5.4B) but increased dramatically to 0.8 
in pH 9 buffer and 0.95 in pH 10 buffer in the presence of oxygen (Figure 5.4B). Almost the same trend 
was observed in the quenching efficiency plots in the absence of oxygen in Figure 5.4A. This could be 
explained by the greater driving force at higher pH value for hole transfer from NRs to dopamine 
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catechol groups. The reduction potential of free dopamine was reported to be decreasing with increasing 
pH values218 indicating the hole transfer from the NRs to dopamine molecules was favored at high pH 
values. 2) When the pH value is fixed, the quenching is more pronounced as oxygen is induced, resulting 
in higher quinone concentration. Regarding the same 10 μM concentration of the quencher, the 
quenching efficiency was only 0.2 in pH 9 buffer in the absence of oxygen (Figure 5.4A) but increased 
to 0.8 in the same pH values in the presence of oxygen (Figure 5.4B). This could be explained by higher 
quinone group concentration in the presence of oxygen at a fixed basic pH value. And also, dopamine 
absorbing at the NRs surface would  result in a static quenching mechanism. 
 
Figure 5.4. The quenching efficiency of MUA-NRs at different pH values in the presence (A) and absence (B) 
of oxygen. 
To gain a deeper understanding of the data, the Stern-Volmer method was introduced here to interpret 
the data. The Stern-Volmer equation156 is displayed below: 
𝐼0
𝐼
= 1 + 𝐾𝑆𝑉[𝑄]                                                                 (5.3) 
where 𝐼0 and 𝐼 were the fluorescence intensities in the absence and presence of quencher, respectively; 
𝐾𝑆𝑉  was the Stern-Volmer constant. [𝑄]  was the concentration of the quencher. If the quenching 
mechanism is only dynamic quenching, then 𝐾𝑆𝑉 could be replaced by 𝐾𝑑: 
𝐼0
𝐼
= 1 + 𝐾𝑑[𝑄]                                                                 (5.4) 
𝐾𝑑 =  τ0𝑘𝑞                                                                     (5.5)  
Where 𝑘𝑞 is the bimolecular quenching constant; τ0 is the lifetime of the emission in the absence of a 
quencher. If the quenching is only static, then the equation should be written as: 





= 1 + 𝐾𝑠[𝑄]                                                                 (5.6) 
Where 𝐾𝑠 represents the association constant for non-emitting complex formation. Equation 5.4 and 5.5 
are both first-order in [𝑄], which account for a linear relationship in plots. However, in many instances, 
the emission can be quenched both by collisions and by complex formation with the same quencher. 
Then the Stern-Volmer equation could be written as: 
𝐼0
𝐼
= (1 + 𝐾𝑑[𝑄])(1 + 𝐾𝑠[𝑄])                                                   (5.7) 
This modified form of the Stern-Volmer equation is second order in [𝑄], which accounts for an upward 
curvature in plots when both static and dynamic quenching occurred for the same emitter. 
In Figure 5.5, Stern-Volmer plots of emission quenching experiments were shown, and the difference 
between the two systems was obvious. After fitting, an upward curvature could be observed in the 
presence of oxygen in Figure 5.5A, indicating the quenching mechanism was a combined dynamic and 
static quenching, and a polynomial fitting could be nicely applied on it, while a linear fitting would 
nicely describe the plots in the absence of oxygen in Figure 5.5B. This indicates that the quenching 
mechanism here was either only dynamic or static quenching.  






 pH8 with O2
 pH9 with O2












 pH8 w/o O2
 pH9 w/o O2
 pH10 w/o O2
B
 
Figure 5.5. Stern-Volmer plots of MUA-NRs emission quenching at different pH values in the presence (A) and 
absence (B) of oxygen. 
The Stern-Volmer plots in the presence and absence of oxygen in pH 8 buffer were displayed in Figure 
5.6. And the two different behaviors referring to two different quenching mechanisms could be clearly 
seen. The upward curvature in the presence of oxygen could be fitted with a parabola function indicating 
the relationship with [𝑄] in the second order. While in the absence of oxygen, the plots were linear 
fitted indicating the first-order relation with [𝑄]. 
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Figure 5.6. Stern-Volmer plots of MUA-NRs emission quenching in pH 8 PBS buffer in the presence and 
absence of oxygen with the associated fitting. 
Further, to figure out the electron transfer quenching mechanism, we performed emission lifetime 






= 1 + 𝐾𝑑[𝑄] = 1 + τ0𝑘𝑞[𝑄]                                           (5.8) 
And for static quenching: 
τ0
τ
= 1                                                                        (5.9) 
where τ0 and τ were the lifetime of the emission in the absence and presence of quencher, respectively. 
The measurement was carried out on one sample, which is the one in pH 9 buffer in the presence of 
oxygen. Plots were displayed in Figure 5.7, and fitting parameters were listed in Table 5.1. By fitting 
the emission lifetime plots, the results showed that there were two time components, one component 
was around 1.2 ns (this time component only appeared once dopamine was added, so data points started 
at dopamine concentration of 4 µM), and the other one was decreasing from 15.2 ns to 10.9 ns while 
the concentration of dopamine increased from 0 µM to 10 µM. Worth mentioning here, the IRF was not 
deconvoluted with software Decayfit here but determined as a 0.2 ns decay time component. In the 
meanwhile, all time components obtained from exponential fit were larger than 0.2 ns, so the time 
components in this chapter could be trusted. 




Figure 5.7. The emission lifetime plots of MUA-NRs in pH 9 buffer in the presence of oxygen with different 
concentrations of dopamine. All data were normalized to 1 at the signal maximum. The excitation wavelength 
was 400 nm. 
Table 5.1. Time components of emission lifetime obtained with mono- or bi-exponential fit. The emission lifetime 
of MUA-NRs without dopamine (0 µM ) was fitted by mono-exponential fit. The emission lifetimes of MUA-NRs 
with dopamine added (4 µM, 8 µM, 10 µM ) were fitted by bi-exponential fit. 
c(dopamine) / µM  1/ ns 2/ ns 
0 – 15.2 ± 0.2 
4 1.2 ± 0.1 12.3 ± 0.2 
8 1.2 ± 0.1 11.3 ± 0.2 
10 1.3 ± 0.1 10.9 ± 0.2 
 
When we plotted the decreasing time component in a Stern-Volmer plot (Figure 5.8), it could be nicely 
described by a linear fitting, which meant this decreasing time component was a prove of dynamic 
quenching and the 1.2 ns time component was a strong indication of static quenching. This conclusion 
fitted the statement we addressed from the emission intensity Stern-Volmer plots that the quenching 
mechanism of our system was a combination of dynamic and static quenching in the presence of oxygen. 
The static quenching could be introduced by the static adsorption process of dopamine on the NRs,237 
forming the shorter emission lifetime, which was not concentration-dependent, and the dynamic 
quenching could be introduced by electron transfer from MUA-NRs to the free quinone group with a 
concentration-dependent emission lifetime.  




Figure 5.8. Stern-Volmer plots of time components with different concentrations of the quencher in pH 9 buffer 
in the presence of oxygen. 
5.2 The interaction between MUA-NRs with polydopamine 
6  
7 Figure 5.9. TEM image of P-MUA-NRs at different sample positions. The scale bars were inserted in each 
TEM image (provided by Weil group and displayed here with their permission). 
With knowing the electron transfer mechanism of MUA-NRs with dopamine molecules, we would like 
to investigate further to the electron transfer mechanism of MUA-NRs with polydopamine. In 
cooperation with Prof. Tanja Weil, Max-Planck-Institute for Polymer Research, Mainz, a batch of 
MUA-NRs coated with polydopamine (P-MUA-NRs) was synthesized by mixing MUA-NRs and 
dopamine hydrochloride in pH 8.5 PBS buffer for 20 min at 55 °C  with sonication. The MUA-NRs 
were determined to be with 50 nm in length and 5 nm in diameter, as mentioned above. And the 
thickness of the polydopamine shell was determined to be around 5 nm, as showed in Figure 5.9. 
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By comparing the steady-state absorption and emission spectra in Figure 5.10, the basic shape and 
feature of MUA-NRs remained in the absorption spectrum of P-MUA-NRs like the should at around 
485 nm referring to the first excitonic absorption peak of CdS and two shoulders in the higher energy 
range referring to the higher levels in CdS. The P-MUA-NRs had a background compared to MUA-
NRs in the displayed wavelength range due to the absorption of polydopamine. The emission spectrum 
of P-MUA-NRs showed one expected peak centered at 570 nm referred to the emission from the coated 
NRs, which was the same in position as the MUA-NRs also centered at 570 nm. An artifact with a star 
at 532 nm referred to the Raman band of water due to low emission intensity of the samples. By exciting 
at 450 nm, the emission intensity of P-MUA-NRs was extremely low compared to the emission intensity 
of MUA-NRs. 
 
Figure 5.10. Absorption and emission spectra of (A) MUA-NRs and (B) P-MUA-NRs in water. The rod figures 
in the respective plots were the illustration of MUA-NRs and P-MUA-NRs. The excitation wavelength was 
450 nm. 
Relative PLQY measurement was carried out for the quantitative comparison between MUA-NRs and 
P-MUA-NRs in different pH buffer using MUA-NRs as the standard since the absolute PLQY of MUA-
NRs was measured as 0.30 with excitation of 450 nm, and the emission spectral shape of the MUA-
NRs and the P-MUA-NRs were comparable. The relative PLQY was calculated with Equation 2.6 in 
chapter 2. Only the emission contributed by the NRs was considered, which means the Raman band of 
water was not taken into the calculation of the PLQY. The absorbance was corrected by a background 
of polydopamine. The background was determined by extracting the absorption spectrum of MUA-NRs 
multiplied by a factor from the absorption spectrum of P-MUA-NRs to get a baseline as smooth as 
possible. The relative PLQY results were displayed in Figure 5.11. The relative PLQY of P-MUA-NRs 
showed the highest in pH 5 and lowest in pH 11 with a trend of decreasing as the pH increased. This 
could be explained by the same electron transfer mechanism mentioned above. As the pH increased, 
the driving force of the electron transfer from NRs to the polydopamine shell increased, could result in 
a lower PLQY. (Worth mentioning here, although the measurements were performed with caution, the 
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relative PLQY of P-MUA-NRs was so low, and the error introduced by this method was ~ 10%238, 
which meant that the results here were only for a basic guide to related experiment but not for a solid 
statement.) 
 
Figure 5.11. Relative PLQY of P-MUA-NRs in different pH buffers. The relative PLQY of pH 10 could be a 
bad point or artifact due to very low emission intensity of the sample. 
However, alone from PL results, it was still unknown if the quenching was due to the electron transfer 
from the NRs to the polydopamine shell or the hole transfer. After steady-state data discussion, the TA 
measurement of P-MUA-NRs was carried out with MUA-NRs as the reference. The TA spectra were 
showed in Figure 5.12, with an excitation wavelength of 390 nm. There were two bleaching signals in 
both spectra at 460 nm and 560 nm, referring to the CdS and CdSe, respectively. The decay of CdS and 
CdSe in MUA-NRs was slow at first and fast in late time. The signal did not decay to 0 at the end of 
the measurement, which was 1700 ps. However, the decay of CdS and CdSe were already fast at first 
and decayed to 0 at the end of the measurements. 
 
Figure 5.12. The TA spectrum of (A) MUA-NRs and (B) P-MUA-NRs at different delay times in water. The 
excitation wavelength was 390 nm. 




Figure 5.13. The kinetics of P-MUA-NRs and MUA-NRs at 460 nm (CdS) and 560 nm (CdSe). The kinetics 
were normalized to -1 at the minimum of the fitting curve. 
The decay would be more clearly demonstrated when the kinetic at 460 nm (CdS) and 560 nm (CdSe) 
were plotted and fitted. Related fitting parameters were displayed in Table 5.2. As shown in Figure 5.13, 
in MUA-NRs and P-MUA-NRs, the decay kinetics of CdS could be fitted with three decay components. 
(This was single kinetic fit, so delivered information might be different compared to global fit in chapter 
4) The first time component, as mentioned many times in this thesis in the signal formation (f), was 
referring to the cooling of hot electron at ~ 0.1 ps. The first decay time components (1) of CdS in both 
MUA-NRs and P-MUA-NRs were in the range of 1 – 6 ps, referring to the electron depopulation on the 
CdS conduction band. In MUA-NRs, this was due to the hole localization driven electron localization 
from the CB of CdS to the CB of CdSe because the (f2) in CdSe part in MUA-NRs was with positive 
amplitudes indicating population on the CB of CdSe due to the process of hole localization. In P-MUA-
NRs, the (1) in CdSe part was not with a positive amplitude but a negative amplitude indicating the 
electron was not localized on the CB of CdSe, so the (1) in CdS decay of P-MUA-NRs could be 
assigned with electron movement to the matrix. The second decay time component (2) was fast in P-
MUA-NRs ~ 41 ps and relatively slow in MUA-NRs ~ 900 ps. In MUA-NRs, this time component was 
assigned with the exciton recombination process, but in P-MUA-NRs, this time component should be 
assigned with electron transfer to polydopamine due to the rate of this decay. A similar assignment also 
explained the decay kinetics at 560 nm (CdSe). The first time component in signal formation referred 
to cooling. The time component (f2) in MUA-NRs was a signal formation process, with a positive 
amplitude, and referred to the hole localization process corresponding to the first decay time 
components (1) in CdS in MUA-NRs as introduced in the previous chapter. The time component (1) 
in P-MUA-NRs was indeed a decay signal, which meant the electron movement to CB was not 
happening, probably due to the electron transfer to the polydopamine. The second decay component in 
MUA-NRs referred to the recombination process, but in P-MUA-NRs, it referred to the electron transfer 
to the polydopamine, and this could be further confirmed by comparing the decay time (2) in both CdS 
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and CdSe. The decay time (2) was faster ~ 40 ps in the shell than in the core ~ 300 ps, because the shell 
was closer to the polydopamine. 
Table 5.2 Detailed fitting parameters in 460 nm (CdS) and 560 nm(CdSe) kinetics. R2 referred to the Adj. R-
Square and y0 referred to the offset at the end of the fitting. 




































































5.3 The interaction between HS-PEG-OCH3-NRs with dopamine molecules 
Above mentioned, after ligand exchange with MUA, the colloidal stability of NRs in acidic buffer faced 
problems due to charged –COO- group. The protonation of the carboxylate groups in the acidic buffer 
will results in a decrease of electrostatic repulsion between nanoparticles, eventually leading to 
nanoparticle aggregation.78 So, a new surface ligand was desired, ending with a neutral end group while 
containing a long hydrophilic polyethylene glycol (PEG) chain acting as the hydrophilic part and a thiol 
group acting as the anchoring group. As mentioned in the previous chapter, HS-PEG-OCH3 was chosen 
because of its – OCH3 neutral end group and a PEG chain with a repeat unit of roughly 18. The ligand 
exchange protocol and its properties on steady-state, time-resolved measurements, and pH stability were 
also introduced in the previous chapter. In this chapter, we shall only focus on the quenching experiment 
itself. Since the NRs capped with HS-PEH-OCH3 were able to be dispersed in PBS lower than pH 8, 
we chose pH 5, pH 7, and pH 9 as the target pH values to investigate the quenching experiments. Worth 
mentioning here, the HS-PEG-OCH3-NRs was not exchanged on the same batch of NRs as the above 
mentioned MUA-NRs. The main difference between these two batches of NRs was the dimension of 
the NRs. When the quenching experiments were performed with HS-PEG-OCH3-NRs, the absorbance 
of each sample was adjusted comparably to the above mentioned MUA-NRs. However, due to 
differences in size, the ratio of quencher to emitter was changed dramatically in this section. The 
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quencher to emitter ratio was 0.03, 0.06, 0.09, 0.11, 0.14 with 2 M, 4 M, 6 M, 8 M and 10 M 
dopamine added, respectively. 
As shown in Figure 5.14, the quenching experiments were carried out in pH 5, pH 7 and pH 9 PBS 
buffer (concentration 50 mM) both in the presence and absence of oxygen to investigate the influence 
of pH values and oxygen on quenching experiments. After recording the initial emission intensity of 
rods, different amounts of dopamine were added into the same cell, which holds the rods solution. After 
adding 1 m dopamine each time, the absorption and emission spectrum was recorded. For each plot in 
Figure 5.14, the emission intensity was decreasing as the concentration of dopamine increased. But 
unlike what happened to MUA-NRs, the HS-PEG-OCH3-NRs in pH 7 showed the smallest intensity 
changes in three different values both in the absence and presence of oxygen. And the largest intensity 
change appeared in pH 9 in the absence of oxygen, which is quite a surprise that the intensity change 
when the oxygen is present is even smaller compared to in the absence of oxygen in pH 7 and pH 9. 
This result is very different from what we had with MUA-NRs. To find the appropriate explanation, 
quenching efficiency and the Stern-Volmer method was performed. 
 
Figure 5.14. The emission spectra of HS-PEG-OCH3-NRs in different pH value buffer in the absence and 
presence of oxygen with different amounts of dopamine added. (A) pH 5 without O2, (B) pH 7 without O2, (C) 
pH 9 without O2, (D) pH 5 with O2, (E) pH 7 with O2, and (F) pH 9 with O2. 




Figure 5.15. The quenching efficiency of HS-PEG-OCH3-NRs in different pH values in the presence (A) and 
absence (B) of oxygen.  
The quenching efficiency in different pH values, both in the presence and absence of oxygen, were 
shown in Figure 5.15. The quenching efficiency EQ was determined by Equation (5.1). At a given 
dopamine concentration, for example, 10 M, the quenching efficiency of HS-PEG-OCH3-NRs 
exhibited the lowest value (EQ = 0.17) in pH 7 buffer in the absence of oxygen, while the highest 
quenching efficiency (EQ = 0.67) appeared in pH 9 and the intermediate quenching efficiency 
(EQ = 0.21)  showed in pH 5. The same trend was also exhibited in the presence of oxygen, lowest value 
(EQ = 0.04) in pH 7 buffer, while the highest quenching efficiency (EQ = 0.31) appeared in pH 9 and 
the intermediate quenching efficiency (EQ = 0.18)  showed in pH 5. The quenching efficiency could be 
interpreted by the classification of pH values. To interpret the data in a way that depended on oxygen, 
at a given dopamine concentration of 10 M in pH 5 buffer, the quenching efficiency in the absence 
(EQ = 0.21) and presence (EQ = 0.18) of oxygen were nearly identical. This meant that oxygen had a 
minor influence in pH 5 buffer. For pH 7, the quenching efficiency in the absence of oxygen (EQ = 0.17) 
was higher than that in the presence of oxygen (EQ = 0.04). The same trend could also be found in pH 9. 
The quenching efficiency in the absence of oxygen (EQ = 0.67) is much higher than that in the presence 
of oxygen (EQ = 0.31). To make a short conclusion, at a given dopamine concentration, EQ pH9  EQ 
pH5  EQ pH7 both for in the absence and presence of oxygen. At the same time, in pH 5 and pH 7 buffer, 
EQ w/o oxygen ≈ EQ with oxygen, while in pH 9, EQ w/o oxygen  EQ with oxygen. 
But the electron transfer quenching mechanism could not explain the quenching between HS-PEG-
OCH3-NRs and dopamine because the quenching in pH 9 without oxygen was even more pronounced 
than that in the pH 9 in the presence of oxygen. However, this could be explained by the hole transfer 
mechanism. The driving force of hole transfer was increased with increased pH values.218 When in pH 9 
buffer, the driving force was stronger than in pH 5 and pH 7, resulting in stronger quenching no matter 
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it was in the absence or presence of oxygen. The quenching was less pronounced in pH 9 in the presence 
of oxygen compared to in the absence of oxygen. This could be explained by the decreasing amount of 
catechol group due to the oxidation of dopamine. The higher quenching efficiency of pH 5 compared 
to that in pH 7 might be explained by the competing process between the driving force and oxidation 
of dopamine, and this was further confirmed by the higher quenching efficiency of pH 7 in the absence 
of oxygen compared to that in the presence of oxygen. This argument was summaries in Figure 5.16. 
 
Figure 5.16. The illustration of the influence of pH and oxygen in the quenching experiment between HS-PEG-
OCH3-NRs and dopamine. The quenching efficiency was influenced by two key parameters, namely the driving 
force (G, based on the energy difference between the VB of the HS-PEG-OCH3-NRs and the redox potential of 
free dopamine or the CB of the HS-PEG-OCH3-NRs and the redox potential of dopamine quinone)218 and the 
concentration of the catechol groups. In the absence of oxygen, the increasing of pH values had positive influences 
on the driving force of the hole transfer from HS-PEG-OCH3-NRs to dopamine catechol groups but not so 
pronounced positive influences on the driving force of the electron transfer from HS-PEG-OCH3-NRs to the 
dopamine quinone groups since the driving force is so small between the CB of the HS-PEG-OCH3-NRs and the 
redox potential of the dopamine quinone groups. In the meanwhile, the presence of oxygen showed negative 
influences on the concentration of the catechol groups (negative meant disfavoring the hole transfer from HS-
PEG-OCH3-NRs to the catechol groups here). However, the electron transfer was favored from MUA-NRs to 
quinone groups in the presence of oxygen at pH 9 but disfavored for HS-PEG-OCH3-NRs. This could be explained 
by more electron trap states on the latter NRs which competed with the electron transfer from NRs to quinone 
groups. This system, HS-PEG-OCH3-NRs and dopamine showed very complicated competing processes and the 
observation of the quenching experiments between HS-PEG-OCH3-NRs and dopamine were results of these 
complicated competing processes. 




Figure 5.17. Stern-Volmer plots of HS-PEG-OCH3-NRs emission quenching in different pH values in the 
presence (A) and absence (B) of oxygen. 
The Stern-Volmer method was introduced here to interpret the data further using equation (5.2) – (5.8), 
in Figure 5.17. The feature of the first order in [Q] could be seen in these Stern-Volmer plots indicating 
that the quenching mechanism was either dynamic quenching or static quenching in this case. Even 
though dopamine was already oxidized in pH 9 in the presence of oxygen, the electron transfer would 
not occur. With the information obtained in the quenching efficiency and quenching of MUA-NRs 
above, the dynamic quenching of hole transfer would be a reasonable explanation here as shown in 
Figure 5.18.  
 
Figure 5.18. The illustration of hole transfer mechanism between HS-PEG-OCH3-NRs and dopamine. The 
driving force of hole transfer was increasing with the increased pH values. The hole transfer would be 
suppressed in the presence of oxygen due to oxidation of dopamine resulting in less concentration of the 
catechol groups. 
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The main difference between MUA-NRs and HS-PEG-OCH3-NRs was that HS-PEG-OCH3-NRs had 
surface ligand containing PEG chain and had more pronounced electron traps due to the larger volume 
of PEG chain resulting in less coverage rate. The electron trap state on the surface of the HS-PEG-
OCH3-NRs was more pronounced than that on the surface of MUA-NRs. This would further explain 
the quenching efficiency difference between the MUA-NRs and HS-PEG-OCH3-NRs at pH 9 in the 
absence of oxygen, because the trapping of electron favored the hole transfer process.  
5.4 Conclusion 
In this chapter, the interactions between NRs and dopamine were investigated. For MUA-NRs, the 
quenching mechanism was dynamic quenching in the absence of oxygen due to the electron transfer 
from the CB of NRs to the quinone groups. The quenching mechanism changed to combined dynamic 
and static quenching when oxygen was in the presence. The polymerized polydopamine could be coated 
or form small clusters attached to the MUA-NRs, resulting in a coated nanoparticle with a short 
emission lifetime that was not concentration-dependent. While the free dopamine still acted as the 
quencher in the dynamic quenching mechanism as the emission lifetime referring to this process was 
concentration dependent. For P-MUA-NRs, TEM and steady-state absorption and emission 
measurements proved that the coating of dopamine was successful. And relative PLQY showed a trend 
of decreasing while the pH increased. But the relative PLQY was too low and the errors introduced by 
this relative PLQY calculation were too large, so more absolute PLQY measurements need to be done. 
TA measurements were taken to probe the fast electron transfer from both the CdS and CdSe to the 
polydopamine, while the electron transfer of CdS was much faster than that in the CdSe due to distance. 
For HS-PEG-OCH3-NRs, the quenching mechanism could be explained by hole transfer quenching 
mechanism from NRs to the catechol group, which could be further explained by the different surface 
states of different ligands. The complicated quenching efficiency results could be explained by 
competing processes between pH values and oxygen. Time-resolved measurements were not able to be 
performed on HS-PEG-OCH3-NRs due to limited time at the end of my Ph.D. project, which was a pity 
at the end of my thesis. But the outlook of possibilities on easier hole removal of the dot-in-rod NRs 
was already at the dawn. 
  





The design and investigation on nanocrystals were never paused in the last few decades, so new 
researchers, like me, could do their researches standing on the shoulders of giants. The more we 
discovered, the more we found that need to be discovered. And this is probably the driving force of 
science (∆𝐺𝑠𝑐𝑖 < 0). 
The main focus of this thesis was the preparation of using NRs as photosensitizers, and divided into 
three chapters, where the structure of CdSe/CdS NRs, the phase transfer of CdSe/CdS dot-in-rod NRs 
and the interactions between dot-in-rod NRs and dopamine / polydopamine were discussed from chapter 
3 to chapter 5.  
In chapter 3, CdSe/CdS dot-in-rod and inside-out NRs were studied. The properties of the dot-in-rod 
NRs were used as references to compare the properties of the inside-out NRs. By comparing the steady-
state absorption spectra, the dot-in-rod NRs showed a well-confined structure while a large size 
distribution of CdSe part was confirmed in the inside-out NRs. By comparing the steady-state emission 
spectra, the inside-out NRs exhibited the intrinsic emission together with two surface states emission, 
namely the shallow state related emission (sharp) and deep hole trap emission (broad), while the dot-
in-rod NRs also exhibited these three emission peaks. But the intrinsic emission of the dot-in-rod NRs 
were shaper than that in the inside-out NRs. The shallow state related emission of the dot-in-rod NRs 
was slightly sharper than the inside-out NRs and the deep hole trap related emission of the dot-in-rod 
NRs was much less pronounced than that in the inside-out NRs indicating less surface states in the dot-
in-rod NRs due to the surface passivation of CdS shell on the CdSe core. Notably, the intrinsic emission 
of the inside-out NRs was much broader than that in the dot-in-rod NRs, further confirmed the large 
size distribution of the CdSe part in this structure. Depending on the extent of the surface disorder, the 
surface state could be near the conduction band as a “shallow” state or far away from the conduction 
band as a “deep” trap. The shallow and deep traps were further confirmed by transient absorption 
spectroscopy. In the dot-in-rod NRs, with a quasi-Type II band alignment, the hole localization could 
be probed by the second time component in the same time range with opposite amplitudes in the kinetics 
of the CdS bleach and CdSe bleach. In the inside-out NRs, there was no spectral evidence of hole 
localization driven electron localization on the shell, but the hole localization could still be possible. 
The second time component in the kinetic of CdS bleach in picosecond range was assigned to the fast 
trapping by shallow traps while the second time component in the kinetic of CdSe bleach in picosecond 
range was just missing due to competing processes between electron population on the CB due to energy 
offset and electron depopulation due to surface traps. The residual at the end of each kinetic was further 
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evidence of these surface trap states. The inside-out NRs left us much more to be desired. The band 
alignment, the surface defect passivation, and the control over its shape needed to be investigated more. 
And since the surface trap states could be related to the PL, a systemic investigation of PL of degrading 
should also be performed to probe the influence of degrading on the electronic structure of the inside-
out NRs. 
In chapter 4, CdSe/CdS dot-in-rod NRs with different ligands were investigated. The steady-state 
absorption measurements and the multi-Gaussian fit probed the ground state electronic structures of 
NRs, PEI seemed to etch the CdS surface or change the energetic band structures of the NRs, which 
was further proved by the steady-state emission measurements. The steady-state emission 
measurements and the multi-Gaussian fit also revealed the radiative recombination processes in the NRs 
where TOPO-, MUA-, HS-PEG-OCH3-, DHLA-NRs were not influenced much by the surface ligands, 
but PEI gave evidence of surface defects removal and DHLA-PEG resulted in much more pronounced 
deep surface defects. This was further investigated with time-resolved emission spectroscopy. More 
pieces of evidence of surface defects were showed because the TOPO-, MUA-, and PEI-NRs showed 
comparable emission lifetime but exhibited very different absolute PLQY due to a better surface 
passivation of PEI, an intermediate surface passivation of TOPO but least on MUA-NRs. Transient 
absorption measurements gave more information on the non-radiative processes. Even the radiative 
recombination was so different in NRs with different ligands, and the non-radiative recombination 
seems to follow the same rule. All NRs exhibited comparable decay processed only with different decay 
time components with different amplitudes after data analysis revealing the influence of surface states. 
The pH stability test was also carried out to give information in practical applications. The MUA- and 
PEI-NRs showed great potential in basic pH values, while for applications in the acidic or wide pH 
range, HS-PEG-OCH3-NRs was a much better choice in terms of pH stability. 
In chapter 5, the interactions between NRs and dopamine and polydopamine were investigated. For 
MUA-NRs and HS-PEG-OCH3-NRs, the quenching mechanism was dynamic quenching in the absence 
of oxygen due to the electron and hole transfer, respectively. The quenching mechanism changed to 
combined dynamic and static quenching when oxygen was in the presence for MUA-NRs. But for HS-
PEG-OCH3-NRs, the quenching mechanism was still dynamic quenching because of the hole transfer 
mechanism due to less HS-PEG-OCH3 ligands coverage resulting in more electron traps compared to 
MUA-NRs. For P-MUA-NRs, TEM and steady-state absorption and emission measurements proved 
that the coating of dopamine was successful. Fast electron transfer from both the CdS and CdSe to the 
polydopamine was observed in the TA spectroscopy, while the electron transfer of CdS was much faster 
than that in the CdSe because the CdS shell was much closer to the polydopamine shell. And the feature 
in both kinetics assigned with hole localization was missing in P-MUA-NRs, indicating the 
polydopamine dominated the competing process of accepting the electron. Time-resolved 
measurements were still needed for the HS-PEG-OCH3-NRs and dopamine / polydopamine to give 
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solid proofs of the quenching mechanism in the future. The results in the chapter left us a lot of potential 
applications with the electron and hole transfer quenching mechanism, like sensing, photocatalysis, and 
hole remover. 
This thesis presented a quiet full picture in terms of hole removal and phase transfer of NRs. Based on 
the results of chapter 3, the inside-out NRs was very promising on the hole localization at the CdSe 
shell when the surface defects could be passivated. And this could be further achieved by surface 
passivation of PEI, based on the results from chapter 4. The surface passivation of PEI would probably 
make the inside-out NRs not only fewer surface defects but also water soluble, which would further 
favor the application as photosensitizers. The surface passivation of different ligands would also result 
in different quenching mechanism when the CdSe/CdS dot-in-rod NRs were interacting with dopamine. 
The quenching experiments of MUA-NRs and dopamine could be explained by electron transfer from 
the NRs to the dopamine molecules and for HS-PEG-OCH3-NRs could be explained by the hole transfer 
from the NRs to the dopamine molecules due to more electron traps on the surface of the latter NRs. 
This was a strong indication that the electron or hole transfer quenching mechanism could be tuned by 
the surface states of the NRs which could further tuned by the surface ligands. Together with the inside-
out NRs and different surface ligands, the aim of easy hole removal after exciton generation would be 
possible. And according to the TA results of the P-MUA-NRs, the on and off of electron transfer could 
also be tuned by adjusting the pH values, which would further introduce various possibilities of 
applications. 
In short, the presented results in this thesis on NRs revealed the properties of the NRs from the inside 
out, from structural to surficial, end up with interaction with other molecules. I know I am not a giant 
in science, but I still wish my work would inspire other researchers on the way to their achievements. 
  









Das Design und die Untersuchung von Nanokristallen wurden in den letzten Jahrzehnten nie 
unterbrochen, sodass neue Forscher wie ich ihre Forschungen auf den Schultern von Riesen durchführen 
konnten. Je mehr wir entdeckten, desto mehr mussten wir entdecken. Und das ist wahrscheinlich die 
treibende Kraft der Wissenschaft (∆𝐺𝑠𝑐𝑖 < 0). 
Das Hauptaugenmerk dieser Arbeit lag auf der Herstellung von NRs als Photosensibilisatoren und war 
in drei Kapitel unterteilt, in denen die Struktur von CdSe/CdS-NRs, der Phasentransfer von CdSe/CdS 
dot-in-rod-NRs und die Wechselwirkungen zwischen dot-in-rod NRs und Dopamin / Polydopamin 
wurden beschrieben von Kapitel 3 bis Kapitel 5 diskutiert.  
In Kapitel 3 wurden CdSe/CdS dot-in-rod und inside-out NRs untersucht. Die Eigenschaften der dot-
in-rod NRs wurden als Referenz verwendet, um die Eigenschaften der inside-out NRs zu vergleichen. 
Durch Vergleich der stationären Absorptionsspektren zeigten die dot-in-rod NRs eine gut begrenzte 
Struktur, während eine große Größenverteilung des CdSe-Teils in den inside-out NRs bestätigt wurde. 
Durch Vergleichen der stationären Emissionsspektren zeigten die inside-out NRs die intrinsische 
Emission zusammen mit zwei Oberflächenzustandsemissionen, nämlich der Emission im flachen 
Zustand (scharf) und der Emission von tiefen Lochfallen (breit), während der dot-in-rod NRs zeigten 
auch diese drei Emissionspeaks. Die intrinsische Emission der dot-in-rod NRs war jedoch formschöner 
als die der inside-out NRs. Die flache zustandsbezogene Emission der dot-in-rod NRs war etwas 
schärfer als die Inside-Out-NRs, und die Emission der dot-in-rod NRs in Bezug auf tiefe Lochfallen 
war viel weniger ausgeprägt als die in den Inside-Out-NRs weniger Oberflächenzustände in den dot-in-
rod NRs aufgrund der Oberflächenpassivierung der CdS-Schale auf dem CdSe-Kern. 
Bemerkenswerterweise war die intrinsische Emission der inside-out NRs viel breiter als die der dot-in-
rod NRs, was die große Größenverteilung des CdSe-Teils in dieser Struktur weiter bestätigte. Abhängig 
vom Ausmaß der Oberflächenstörung kann der Oberflächenzustand als "flacher" Zustand in der Nähe 
des Leitungsbandes oder als "tiefe" Falle weit vom Leitungsband entfernt sein. Die flachen und tiefen 
Fallen wurden durch transiente Absorptionsspektroskopie weiter bestätigt. In den dot-in-rod NRs mit 
einer Quasi-Type-II Bandenausrichtung konnte die Lochlokalisierung durch die zweite Zeitkomponente 
im gleichen Zeitbereich mit entgegengesetzten Amplituden in der Kinetik des CdS-Bleichmittels und 
des CdSe-Bleichmittels untersucht werden. In den inside-out NRs gab es keine spektralen Hinweise auf 
eine Lochlokalisierung auf der Schale, aber die Lochlokalisierung konnte immer noch möglich sein. 
Die zweite Zeitkomponente in der Kinetik des CdS-Bleichmittels im Pikosekundenbereich wurde dem 
schnellen Einfangen durch flache Fallen zugeordnet, während die zweite Zeitkomponente in der Kinetik 
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des CdSe-Bleichmittels im Pikosekundenbereich aufgrund konkurrierender Prozesse zwischen der 
Elektronenpopulation im CB nur fehlte zu Energieversatz und Elektronendepopulation aufgrund von 
Oberflächenfallen. Der Rest am Ende jeder Kinetik war ein weiterer Beweis für diese 
Oberflächenfallenzustände. Die Inside-Out-NRs ließen uns viel mehr zu wünschen übrig. Die 
Bandausrichtung, die Passivierung von Oberflächendefekten und die Kontrolle über ihre Form mussten 
genauer untersucht werden. Und da die Oberflächenfallenzustände mit dem PL zusammenhängen 
könnten, sollte auch eine systemische Untersuchung des PL des Abbaus durchgeführt werden, um den 
Einfluss des Abbaus auf die elektronische Struktur der inside-out NRs zu untersuchen. 
In Kapitel 4 wurden CdSe/CdS dot-in-rod NRs mit verschiedenen Liganden untersucht. Die stationären 
Absorptionsmessungen und die Multi-Gauß-Anpassung untersuchten die elektronischen 
Grundzustandsstrukturen von NRs. PEI schien die CdS-Oberfläche zu ätzen oder die energetischen 
Bandstrukturen der NRs zu verändern, was durch die stationären Emissionsmessungen weiter bewiesen 
wurde. Die stationären Emissionsmessungen und die Multi-Gauß-Anpassung zeigten auch die 
Strahlungsrekombinationsprozesse in den NRs, bei denen TOPO-, MUA-, HS-PEG-OCH3-, DHLA-
NRs nicht stark von den Oberflächenliganden beeinflusst wurden, aber PEI ergab Hinweise auf die 
Entfernung von Oberflächendefekten und DHLA-PEG führten zu viel ausgeprägteren tiefen 
Oberflächendefekten. Dies wurde mit zeitaufgelöster Emissionsspektroskopie weiter untersucht. 
Weitere Hinweise auf Oberflächendefekte wurden gezeigt, da die TOPO-, MUA- und PEI-NRs eine 
vergleichbare Emissionslebensdauer zeigten, jedoch aufgrund einer besseren Oberflächenpassivierung 
von PEI, einer Zwischenoberflächenpassivierung von TOPO, jedoch am wenigsten auf MUA, eine sehr 
unterschiedliche absolute PLQY zeigten -NRs. Transiente Absorptionsmessungen lieferten weitere 
Informationen zu den nicht strahlenden Prozessen. Sogar die strahlende Rekombination war in NRs mit 
verschiedenen Liganden so unterschiedlich, und die nicht strahlende Rekombination scheint der 
gleichen Regel zu folgen. Alle dot-in-rod NRs zeigten einen vergleichbaren Zerfall, der nur mit 
unterschiedlichen Abklingzeitkomponenten mit unterschiedlichen Amplituden nach Datenanalyse 
verarbeitet wurde und den Einfluss von Oberflächenzuständen enthüllte. Der pH-Stabilitätstest wurde 
auch durchgeführt, um Informationen in praktischen Anwendungen zu geben. Die MUA- und PEI-NRs 
zeigten ein großes Potenzial bei den basischen pH-Werten, während HS-PEG-OCH3-NRs für 
Anwendungen im sauren oder weiten pH-Bereich eine viel bessere Wahl hinsichtlich der pH-Stabilität 
waren. 
In Kapitel 5 wurden die Wechselwirkungen zwischen NRs und Dopamin und Polydopamin untersucht. 
Für MUA-NRs und HS-PEG-OCH3-NRs war der Löschmechanismus ein dynamisches Löschen in 
Abwesenheit von Sauerstoff aufgrund des Elektronen- bzw. Lochtransfers. Der Löschmechanismus 
änderte sich zu einem kombinierten dynamischen und statischen Löschen, wenn Sauerstoff für MUA-
NRs vorhanden war. Bei HS-PEG-OCH3-NRs war der Löschmechanismus jedoch aufgrund des 
Lochtransfermechanismus aufgrund der geringeren Abdeckung der HS-PEG-OCH3-Liganden immer 
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noch dynamisch, was zu mehr Elektronenfallen im Vergleich zu MUA-NRs führte. Für P-MUA-NRs 
zeigten TEM- und stationäre Absorptions- und Emissionsmessungen, dass die Beschichtung mit 
Dopamin erfolgreich war. In der TA-Spektroskopie wurde ein schneller Elektronentransfer sowohl vom 
CdS als auch vom CdSe zum Polydopamin beobachtet, während der Elektronentransfer von CdS viel 
schneller war als der im CdSe, da die CdS-Schale viel näher an der Polydopaminschale lag. Und das 
Merkmal in beiden Kinetiken, das der Lochlokalisierung zugeordnet ist, fehlte in P-MUA-NRs, was 
darauf hinweist, dass das Polydopamin den konkurrierenden Prozess der Aufnahme des Elektrons 
gewonnen hat. Für die HS-PEG-OCH3-NRs und Dopamin / Polydopamin waren noch zeitaufgelöste 
Messungen erforderlich, um in Zukunft solide Beweise für den Löschmechanismus zu liefern. Die 
Ergebnisse in diesem Kapitel haben uns viele mögliche Anwendungen mit dem Elektronen- und 
Lochtransfer-Löschmechanismus hinterlassen, wie z. B. Sensorik, Photokatalyse und Lochentfernung. 
Diese Arbeit lieferte ein ruhiges Gesamtbild in Bezug auf Lochentfernung und Phasentransfer von NRs. 
Basierend auf den Ergebnissen von Kapitel 3 waren die inside-out NRs für die Lochlokalisierung an 
der CdSe-Schale sehr vielversprechend, wenn die Oberflächendefekte passiviert werden konnten. Und 
dies könnte weiter durch Oberflächenpassivierung von PEI erreicht werden, basierend auf den 
Ergebnissen aus Kapitel 4. Die Oberflächenpassivierung von PEI würde die inside-out NRs 
wahrscheinlich nicht nur weniger Oberflächendefekte, sondern auch wasserlöslich machen, was die 
Anwendung als weiter begünstigen würde Photosensibilisatoren. Die Oberflächenpassivierung 
verschiedener Liganden würde auch zu unterschiedlichen Löschmechanismen führen, wenn die 
CdSe/CdS dot-in-rod NRs mit Dopamin wechselwirken. Die Löschexperimente von MUA-NRs und 
Dopamin konnten durch Elektronentransfer von den NRs zu den Dopaminmolekülen und für HS-PEG-
OCH3-NRs durch den Lochtransfer von den NRs zu den Dopaminmolekülen aufgrund von mehr 
Elektronenfallen erklärt werden auf der Oberfläche der letzteren NRs. Dies war ein starker Hinweis 
darauf, dass der Elektronen- oder Lochtransferlöschmechanismus durch die Oberflächenzustände der 
NRs abgestimmt werden konnte, die durch die Oberflächenliganden weiter abgestimmt werden konnten. 
Zusammen mit den inside-out NRs und verschiedenen Oberflächenliganden wäre das Ziel einer 
einfachen Lochentfernung nach der Erzeugung von Exzitonen möglich. Und gemäß den TA-
Ergebnissen der P-MUA-NRs könnte das Ein- und Ausschalten des Elektronentransfers auch durch 
Einstellen der pH-Werte eingestellt werden, was weitere Anwendungsmöglichkeiten einführen würde. 
Kurzgesagt, die in dieser Arbeit zu NRs vorgestellten Ergebnisse zeigten, dass die Eigenschaften der 
NRs von innen nach außen, von strukturell bis oberflächlich, mit Wechselwirkungen mit anderen 
Molekülen enden. Ich weiß, dass ich kein Riese in der Wissenschaft bin, aber ich wünschte immer noch, 
meine Arbeit würde andere Forscher auf dem Weg zu ihren Errungenschaften inspirieren. 
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Table A1. Detailed fitting parameters of multi-Gaussian peaks fit of the dot-in-rod and inside-out NRs absorption 
spectra. 
Method Multi-Gaussian peaks fit 
  Dot-in-rod NRs Inside-out NRs 
Adj. R-Square  0.99992 0.99998 
  Value Standard Error Value Standard Error 
Baseline y0 0.001 0.001 0.002 0.000 
Peak1 Maxima 2.215 0.004 2.100 0.006 
Area 0.001 0.000 0.003 0.000 
FWHM 0.113 0.011 0.289 0.020 
Peak2 
 
Maxima 2.669 0.000 2.612 0.001 
Area 0.020 0.000 0.010 0.000 
FWHM 0.128 0.002 0.137 0.002 
Peak3 
 
Maxima 2.843 0.008 2.758 0.005 
Area 0.084 0.025 0.005 0.000 
FWHM 0.345 0.019 0.179 0.010 
Peak4 
 
Maxima 3.168 0.061 2.803 0.059 
Area 0.163 0.137 0.168 0.110 
FWHM 0.519 0.144 0.789 0.062 
Peak5 
 
Maxima 3.574 0.152 3.476 0.240 
Area 0.144 0.141 0.400 0.894 
FWHM 0.602 0.229 1.082 0.621 
Peak6 
 
Maxima 4.462 0.118 4.917 0.918 
Area 1.727 0.236 2.832 4.754 
FWHM 1.435 0.110 1.708 1.945 
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Table A2. Detailed fitting parameters of multi-Gaussian peaks fit on the emission spectra of the dot-in-rod and 
inside-out NRs. (–) indicates the missing of this component. 
Method Multi-Gaussian peaks fit 
  Dot-in-rod NRs Inside-out NRs 
Adj. R-Square  0.9999 0.9994 
  Value Standard Error Value Standard Error 
Baseline y0 0.002 0.001 -0.059 0.076 
Peak1 Maxima 2.094 0.018 1.912 0.001 
Area 0.020 0.007 0.015 0.001 
FWHM 0.170 0.011 0.063 0.002 
Peak2 
 
Maxima 2.144 0.001 1.930 0.001 
Area 0.083 0.008 0.129 0.013 
FWHM 0.127 0.002 0.151 0.005 
Peak3 
 
Maxima 2.177 0.001 2.089 0.082 
Area 0.034 0.002 0.043 0.075 

















Table A3. Fitting results of the absorption spectra of NRs with different surface ligands by seven Gaussians. 
Indicated are the energetic position of the peak position Ec and FWHM of the Gaussian. 
Parameter TOPO-NR MUA-NR HS-PEG-OCH3-
NR 













Ec,1 / eV 2.22  0.01 2.24  0.01 2.24  0.01 2.24  0.01 2.24  0.01 2.25  0.01 
FWHM1 / eV 0.14  0.01 0.19  0.02 0.20  0.02 0.17  0.02 0.19  0.02 0.18  0.02 
Ec,2 / eV 2.46  0.01 2.47  0.01 2.47  0.01 2.46  0.01 2.45  0.01 2.49  0.01 
FWHM2 / eV 0.12  0.03 0.13  0.02 0.13  0.02 0.14  0.03 0.15  0.02 0.11  0.03 
Ec,3 / eV 2.67  0.01 2.68  0.01 2.67  0.01 2.67  0.01 2.67  0.01 2.70  0.01 
FWHM3 / eV 0.13  0.01 0.14  0.01 0.14  0.01 0.14  0.01 0.14  0.01 0.14  0.01 
Ec,4 / eV 2.84  0.01 2.91  0.01 2.89  0.01 2.90  0.01 2.90  0.02 2.95  0.06 
FWHM4 / eV 0.35  0.03 0.40  0.03 0.38  0.02 0.39  0.02 0.40  0.03 0.45  0.09 
Ec,5 / eV 3.15  0.15 3.24  0.03 3.21  0.03 3.23  0.02 3.23  0.02 3.31  0.01 
FWHM5 / eV 0.50  0.30 0.40  0.13 0.40  0.11 0.37  0.08 0.34  0.06 0.29  0.06 
Ec,6 / eV 3.55  0.11 3.55  0.15 3.54  0.16 3.53  0.18 3.48  0.18 3.51  0.37 
FWHM6 / eV 0.66  1.11 0.69  0.92 0.72  0.77 0.75  0.79 0.78  0.80 0.76  1.08 
Ec,7 / eV 4.28  0.10 4.34  0.07 4.42  0.28 4.41  0.18 4.43  0.22 4.37  0.15 
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Table A4. Fitting results of the emission spectra of NRs with different surface ligands by three Gaussians. 
Indicated are the energetic position of the peak position Eem, amplitude Aem and FWHM of the Gaussian. 





Adj. R-Square 0.99998 0.99995 0.99995 0.99990 0.99891 0.99997 



































































































































Figure A1. The global fit of the second TA measurement on the inside-out NRs (A)10 nm scale centered 
at CdS bleach signal minimum 470 nm and (C) 10 nm scale centered at CdSe bleach signal minimum 
620 nm. The DAS of global fit of (B) CdS and (D) CdSe parts, respectively. 
 
Figure A2. The global fit of the third TA measurement on the inside-out NRs (A)10 nm scale centered at 
CdS bleach signal minimum 470 nm and (C) 10 nm scale centered at CdSe bleach signal minimum 
620 nm. The DAS of global fit of (B) CdS and (D) CdSe parts, respectively. 




Figure A3. Multi-Gaussian peaks fit of the absorption spectrum of MUA-NRs. (A) Full wavelength range and 
(B) CdSe related wavelength range absorption spectra recorded in water fitted using seven Gaussians. All 
spectra were normalized to 1 at 4.13 eV (300 nm). 
 
Figure A4. Multi-Gaussian peaks fit of the absorption spectrum of HS-PEG-OCH3-NRs. (A) Full wavelength 
range and (B) CdSe related wavelength range absorption spectra recorded in water fitted using seven Gaussians. 






Figure A5. Multi-Gaussian peaks fit of the absorption spectrum of DHLA-NRs. (A) Full wavelength range and 
(B) CdSe related wavelength range absorption spectra recorded in water fitted using seven Gaussians. All 
spectra were normalized to 1 at 4.13 eV (300 nm). 
 
Figure A6. Multi-Gaussian peaks fit of the absorption spectrum of DHLA-PEG-NRs. (A) Full wavelength range 
and (B) CdSe related wavelength range absorption spectra recorded in water fitted using seven Gaussians. All 
spectra were normalized to 1 at 4.13 eV (300 nm). 




Figure A7. Multi-Gaussian peaks fit of the absorption spectrum of PEI-NRs. (A) Full wavelength range and (B) 
CdSe related wavelength range absorption spectra recorded in water fitted using seven Gaussians. All spectra 
were normalized to 1 at 4.13 eV (300 nm). 
 
Figure A8. Multi-Gaussian peaks fit of the emission spectra of NRs with different ligands. (A) TOPO-NRs, (B) 
MUA-NRs, (C) DHLA-NRs, (D) DHLA-PEG-NRs, (E) HS-PEG-OCH3-NRs and (F) PEI-NRs. Emission 
spectrum recorded in toluene for TOPO-NRs and in water for the rest of the NRs excited at 400 nm and fitted 





Figure A9. The global fit of MUA-NRs kinetics, (A)10 nm scale centered at CdS bleach signal minimum 
459 nm and (C) 10 nm scale centered at CdSe bleach signal minimum 556 nm. The DAS of global fit of 
(B) CdS and (D) CdSe parts, respectively. 
 
Figure A10. The global fit of HS-PEG-OCH3-NRs kinetics, (A)10 nm scale centered at CdS bleach signal 
minimum 460 nm and (C) 10 nm scale centered at CdSe bleach signal minimum 560 nm. The DAS of 
global fit of (B) CdS and (D) CdSe parts, respectively. 




Figure A11. The global fit of DHLA-NRs kinetics, (A)10 nm scale centered at CdS bleach signal minimum 
459 nm and (C) 10 nm scale centered at CdSe bleach signal minimum 554 nm. The DAS of global fit of 
(B) CdS and (D) CdSe parts, respectively. 
 
Figure A12. The global fit of DHLA-PEG-NRs kinetics, (A)10 nm scale centered at CdS bleach signal 
minimum 460 nm and (C) 10 nm scale centered at CdSe bleach signal minimum 557 nm. The DAS of 





Figure A13. The global fit of PEI-NRs kinetics, (A)10 nm scale centered at CdS bleach signal minimum 
456 nm and (C) 10 nm scale centered at CdSe bleach signal minimum 550 nm. The DAS of global fit of 
(B) CdS and (D) CdSe parts, respectively. 
  









Ich erklaere, dass ich die vorliegende Arbeit selbstaendig und unter Verwendung der angegebenen 
Hilfsmittel, persoenlichen Mitteilungen und Quellen angefertigt habe.  
Declaration of originality  
I certify that the work presented here is, to the best of my knowledge and belief, original and the result 
of my own investigations, except as acknowledged, and has not been submitted, either in part or 
whole, for a degree at this or any other university. 
 
 












P 63 Figure 4.11B was replaced to match the display range of Figure 4.11A. The original Figure 4.11 is 
displayed below. 
 
 
 
